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INTRODUCTION 
Aluminum toxicity is a major deterrent to plant growth 
in acid soils and is thus an obstacle to crop production in 
many parts of the world. Alleviation of A1 toxicity by 
amending the soil is not feasible in many cases. Fortunate­
ly, there exists a range of tolerance to À1 toxicity among 
species as well as within some species of crop plants. Thus, 
in certain circumstances, A1 tolerant genotypes can be grown 
under conditions in which more susceptible ones would fail to 
grow or would produce poor yields. Crop breeding programs 
screen for A1 tolerant genotypes and attempt to incorporate 
this trait into high-yielding cultivars tolerant to acid soil. 
The mechanism or mechanisms by which genotypes differ 
in tolerance to A1 is not clear, nor are the cellular 
processes involved in A1 toxicity well-understood. Root 
growth and function are rapidly inhibited by toxic levels of 
Al, and it has been suggested in the literature that Al may 
interfere in the cell division cycle of the root meristem 
through an inhibitory effect on synthesis of the genetic 
material, DNA. 
The purpose of the work reported here was to examine 
some of the early physiological changes induced by Al. 
Wheat was selected for this work since a wide range of toler­
ance to Al is found in this crop and since it was often 
desirable to compare the responses of tolerant and 
2 
susceptible genotypes. An attempt was made to determine the 
effect of Al on DNA synthesis in wheat roots and to relate 
this effect to Al-induced inhibition of root elongation and 
root meristem cell division, Al contents of Al-treated roots, 
and other processes. 
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LITERATURE REVIEW 
Aluminum is the third most abundant element in the 
earth's crust, being exceeded only by oxygen and silicon. It 
is found in many minerals, including soil minerals, where it 
is found in sixfold coordination with 0 in the octahedral layer 
or sometimes substituting for Si in the tetrahedral layers. 
A1 is released from the mineral structure as the soil weathers 
(McLean, 1976), 
Free Al*** is not found in soil but instead exists as 
part of the aluminohexahydronium ion, i.e., Al*** in coordina­
tion with 6 OHg. This compound is a weak acid (K^ = 1,08 x 
10~^) and gives off protons as the pH rises. For simplicity 
the aluminohexahydronium ion is often written Al*** (McLean, 
1976). 
As the pH of the soil solution increases, A1 hydroxides 
are formed, and the solubility of A1 in the soil solution con­
comitantly decreases (Magistad, 1925). Three cationic forms 
of Al, namely Al***, Al(QH)**, and A1(0H)2^, may be found in 
soils. These ions may be con^lexed by soil organic matter, 
adsorbed on clay mineral surfaces, or in the soil solution 
(McLean, 1976), The Al-(%% forms tend to polymerize in clay 
mineral interlayers and on charged surfaces of clays (cation 
exchange sites) where they interfere with the cation exchange 
process (Jackson, 1963). Al ions react with P in soils to 
form a relatively insoluble salt. In acid soils high in 
4 
soluble Al, significant amounts of P may be precipitated 
(Black, 1968), 
A1 in acid soils is deleterious to the growth of many 
plants. The degree of A1 injury to plants growing in soil is 
related to the degree of soil acidity and hence to the amount 
of soluble A1 in the soil (Magistad, 1925). 
A1 is relatively insoluble in water between pH 4,7 and 
pH 7.8, but the solubility is markedly increased below pH 4,7. 
A1 in the soil solution behaves similarly to A1 in water, with 
usually less than 1 ppm A1 in the soil solution between pH 5.4 
and 7.0 but with a sharp increase in soluble A1 below a pH of 
about 5. For example, displaced soil solutions of Miami silt 
loam made acid with showed increasing A1 concentrations 
as the pH decreased, with 1.6 ppm A1 at pH 4,50, 10 ppm at 
pH 4,35, and 154 ppm at pH 3,92 (Magistad, 1925), The amount 
of A1 in the soil solution and the amount of extractable A1 in 
different soils may vary even at the same pH (Adams and Lund, 
1966; Hutchinson and Hunter, 1970), 
While in general it may be said that A1 toxicity is 
particularly severe in soils with pH values below 5,0 (Foy, 
1974), the soil pH at which A1 toxicity occurs (as measured by 
root elongation in soil or by the maximum at which a crop 
responds to lime) differs with different soils (Adams and Lund, 
1966; Foy, 1974), The amount of exchangeable A1 and also the 
severity of A1 toxicity for a given amount of extractable A1 
depends on other factors besides soil pH; these include 
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concentrations of other cations and of total salts, types of 
clays present in the soil, and the content of soil organic 
matter (Adams and Lund, 1966; Foy, 1974j Thomas, 1975). A 
given A1 concentration may be more toxic in one soil than in 
another, and the molar activity of A1 in the soil solution may 
be a better measure than A1 concentration when comparing levels 
of A1 necessary to produce toxicity (Adams and Lund, 1966). 
Because of the difficulty of predicting A1 toxicity in a given 
soil based on measurements of A1 content. Long and Foy (1970) 
have suggested using plant genotypes which differ widely in 
their tolerances to A1 as indicators of A1 toxicity. Stil-
well and Arscott (1978) found no correlation between plant 
growth and KCl-extractable A1 in 4 acid soils but found a 
significant correlation between fluoride-titratable A1 and 
plant growth in these soils. They proposed that F-reactive 
A1 is a good measure of "phytotoxic Al" in soils. 
Dudal (1976) lists some soil taxa in which Al toxicities 
may be found; these include certain soils of the tropics and 
subtropics (Oxisols and some Ultisols), soils developed from 
volcanic ash (Andepts), podzolized soils such as those which 
have developed under coniferous forests (Spodosols), certain 
flat, waterlogged soils (strongly developed Planosols), drained 
soils in coastal areas (thionic Fluvisols), and others. To­
gether these soils comprise about 3 x 10^ hectares or over 
20% of the world's land area (Dudal, 1976). 
While liming soils alleviates Al toxicity, it is some­
6 
times unfeasible to correct A1 toxicity problems in this way, 
and soil acidity and A1 toxicity remain important agricultural 
problems. Foy (1974) gives four examples of situations in 
which A1 toxicity cannot be corrected by liming. (1) In many 
developing countries, economic factors and the unavailability 
of lime hinder this practice, (2) Even in developed countries 
in vhich agricultural liming is an accepted practice, some acid 
conditions are too severe for liming above pH 5 to be practical. 
Such conditions have resulted when coal associated with pyrite 
has been surfaced mined. Unless measures are taken to prevent 
the oxidation of this pyrite, extremely acid conditions (pH 2.5 
to 3.0) may occur in the residue left after mining. 
(3) Other agricultural soils must be kept acid to control crop 
diseases. A1 toxicity may potentially limit yields and may be 
especially severe if Al-sensitive crops are grown in rotation 
on these soils. (4) In addition, even though the surface of 
an acid soil is limed, the subsoil may remain sufficiently 
acid for inhibition of maximal root growth. Nitrogen fertil­
izers may contribute to the problem of subsoil acidity (Foy, 
1974). 
There is interest in discovering and developing plants 
tolerant to A1 and increasing our understanding of the nature 
of A1 toxicity. Differential tolerance to A1 has been demon­
strated between species of crop plants (Andrew and Vanden Berg, 
1973Î Foy and Brown, 1964; Ligon and Pierre, 1932; McLean and 
Gilbert, 1927; Magistad, 1925) and among genotypes within 
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species. Crops which have been screened for differential A1 
tolerance include wheat (Foy et al., 1965a; Kerridgeet al., 
1971; Foy et al., 1974b; Lafever et al., 1977), barley (Foy 
et al., 1965a; Reid et al., 1969, 1971), corn (Stockmeyer et 
al., 1978; Rhue et al., 1978; Rhue and Grogan, 1977), sorghum 
(Brown and Jones, 1977c); pasture and turfgrasses (Murray and 
Foy, 1978; Clarkson, 1965b; Vose and Randall, 1962), soybeans 
(Sartain and Kamprath, 1978; Brown and Jones, 1977a; Armiger 
et al., 1968); dry beans, snapbeans, and lima beans (Foy et 
al., 1967c), cotton (Brown and Jones, 1977b; Foy et al., 
1967b); sunflowers (Foy et al., 1974a); potatoes (Lee, 1971), 
and beets (Keser et al., 1977). 
Several methods have been used in screening populations 
for Al tolerance. Yields of wheat genotypes grown in the field 
on acid soil with different lime levels have been compared as 
a measure of Al tolerance. Results obtained by this method 
Were well-correlated with a screening method using root elonga­
tion of seedlings in nutrient solutions containing Al (Lafever 
et al., 1977). The results of greenhouse experiments using 
acid soils high in exchangeable Al have also given similar 
rankings of Al tolerance among wheat cultivars as were obtained 
using nutrient solutions, with Al added, as the growth medium 
(Foy et al., 1974b; Kerridge et al,, 1971), Polle et al. 
(1978) have used hematoxylin staining of seedling roots after 
Al treatment to screen wheat genotypes; this method gave 
similar tolerance rankings as methods using root elongation 
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in nutrient solutions. Whereas screening wheat genotypes by 
measuring seedling root elongation in nutrient solutions con­
taining A1 produced similar results as screening methods using 
soil, Sartain and Kamprath (1978) reported that the two 
methods did not correlate well for soybeans. 
The mechanism or mechanisms by which plants differ in 
tolerance to A1 are not clear. Ideas about the nature of A1 
tolerance may be grouped into four broad categories. (1) Tol­
erance to A1 is related to the ability of the root to change its 
microenvironment such that the solubility of A1 at the root 
surface is reduced. Tolerant genotypes of some crop species 
have been found to maintain a higher pH in the growth medium 
around the roots than do susceptible genotypes; this has been 
observed in solution culture and in soil for wheat and barley 
(Foy et al., 1978; Foy et al,, 1965b) and for peas grown in 
solution cultars (Klimashevskii and Berezovskii, 1973) but not 
for snapbeans (Foy et al., 1972). This phenomenon was sug­
gested as a possible mechanism for differential A1 tolerance 
since a plant which can maintain a zone of relatively high pH 
around its roots in acid soil can presumably decrease the 
solubility of A1 around its roots and avoid A1 stress. The 
maintenance of differential pH by wheat cultivars was attrib­
uted to different ratios of cation to anion uptake (Dodge and 
Hiatt, 1972). Foy et al, (1967a) found that growing tolerant 
and susceptible wheat plants in the same container of nutrient 
solution and with rapid aeration did not eliminate varietal 
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differences. They concluded that either the observed pH 
changes did not explain the differential tolerance they ob­
served or that even under their experimental conditions the 
plants were able to maintain microzones around the roots 
differing in pH from the bulk solution. 
(2) Tolerance to A1 is related to reduced uptake of A1 by 
the root and/or to reduced translocation of Â1 to the tops. 
Vose and Randall (1962) found that the root cation exchange 
capacities (CECs) of A1 and Mn susceptible ryegrass genotypes 
were greater than those of the more tolerant genotypes. Foy 
et al. (1967a) also found higher root CECs for susceptible 
wheat and barley cultivars than for tolerant cultivars. Vose 
and Randall (1962) suggested that a low root CEC favors uptake 
of monovalent ions in preference to divalent or trivalent ones. 
They proposed that a plant with a high root CEC would take up 
more A1 and Mn than would a plant with a low root CEC and would 
be mors susceptible to A1 and Mn toxicity. However» Foy et 
al. (1973) found that two wheat cultivars had opposite A1 and 
Mn tolerances. This suggests that tolerance to A1 involves 
a more specific mechanism than that proposed by Vose and 
Randall (1962). Moore (1974) postulated that differential 
A1 tolerance in wheat is due to the ability of tolerant geno­
types to exclude A1 from the root cell at higher external A1 
concentrations than can susceptible genotypes. He suggested 
that the gene(s) controlling A1 tolerance might code for 
plasmalemma proteins involved in A1 exclusion. This idea has 
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not been rigorously tested. Attempts to relate differential 
kl tolerance to differential A1 concentrations in plant 
material have largely been unsuccessful. In general, increas­
ing A1 concentrations in soils or nutrient solutions has re­
sulted in increasing A1 concentrations in plant parts Brown 
and Jones, 1977c; Foy et al., 1974b; Lee, 1971; Hackett, 1965). 
However, there was no significant difference between A1 con­
centrations of soybeans grown in soil at 4% and 28% A1 satura­
tion even though A1 concentrations were increased at 8l% 
saturation (Sartain and Kamprath, 1977). Foy et al. (1972) 
found slightly more A1 in fractions containing cell walls, 
nuclei, and mitochondria of susceptible than of tolerant snap­
beans. Nevertheless, differential A1 tolerance in these plants 
was not related to A1 contents of tops or roots. Indeed, 
there was more A1 in or on roots of tolerant snapbeans (Foy 
et al., 1972). Al concentrations of roots and tops were not 
related to tolerance in soybeans (sartain and Kamprath, 1978; 
Foy et al., 1969) or sunflowers (Foy et al., 1974a). In wheat, 
increased tolerance was not related to lower A1 concentrations 
of tops or roots as susceptible genotypes had lower A1 concen­
trations in roots and tops than did tolerant ones (Foy et al., 
1974b). 
(3) Tolerance to A1 is related to detoxification of A1 
within the plant. Jones (1961) suggested that organic acids 
or other compounds within root cells of tolerant plants bind 
and detoxify Al. He found that plant root macerates "fix" Al, 
11 
with macerates from tolerant species binding more A1 than 
susceptible ones. The fixing agent was small, thermostable, 
probably organic, anionic, and nonprotein. 
(4) Tolerance to A1 is related to reduced interference 
by A1 in the plant's use of certain mineral nutrients, es­
pecially P and Ca, or to reduced interference by A1 in other 
vital processes. Examples of relationships between A1 toler­
ance and the effects of A1 on mineral nutrition or other 
physiological processes will be given in subsequent parts of 
this review. 
Interactions between A1 and other elements in plants have 
been studied by several workers. A1 has been found to increase 
P sorption by roots in some pasture legumes (Andrew and Vanden 
Berg, 1973), barley (Clarkson, 1966), soybeans (Sartain and 
Kamprath, 1977), snapbeans (Foy et al., 1972), potatoes (Lee, 
1971), and wheat (Foy et al., 1974b). Al treatment decreased 
root P in cotton (Foy and Brown, 1963; Lance and Pearson, 
1969), lettuce (Pierre and Stuart, 1933), and in other experi­
ments with barley (MacLeod and Jackson, 1967). Kackett (1965) 
reported inconsistent Al-P interactions in some experiments 
with Deschampsia flexuosa. 
The nature of root Al-P interactions is not clear. Clark-
son (1966) found that the additional P sorbed by Al-treated 
barley roots was almost completely exchangeable and that di-
nitrophenol and low temperature had little effect on the in­
crease in P sorption by Al-treated roots. He concluded that 
12 
the Al-P interaction in roots was external to the protoplasm. 
However, Randall and Vose (1963), on the basis of inhibitor 
studies, suggested that A1 binds P in the root cell and that 
the major part of the stimulation of P uptake by A1 is meta­
bolic. Andrew and Vanden Berg (1973) found that only 30% of 
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the P taken up by excised, Al-pretreated roots was removed 
31 by a P chase; they concluded that a large part of the Al-P 
interaction is within the root cell. 
Pierre and Stuart (1933) reported that an increase in A1 
caused a decrease in P in stem sap of lettuce and concluded 
that A1 precipitates P in roots. A precipitate believed to be 
aluminum phosphate has been found on the surface and to a 
smaller extent in cortex cells of Al-treated barley roots 
(McCormick and Borden, 1974). Microprobe analysis has demon­
strated Al-PO^ in roots of Al-treated beets (Keser et al., 
1975) and has shown the association of A1 and P on and in 
roots of corn (Rasmussen, 1958)• 
In most but not all cases, A1 has been found to decrease 
P in tops (Clarkson, 1966; Randall and Vose, 1963; Lee, 1971; 
MacLeod and Jackson, 1967; Foy et al., 1974b). The ability of 
the plant to maintain a healthy P status in the tops in the 
presence of A1 has been suggested as a mechanism of A1 toler­
ance. Foy and Brown (1964) related the differential tolerance 
of species to A1 to uptake ability. Foy et al. (1972) 
found that A1 decreased the P concentration in stem exudates 
of a sensitive snapbean genotype but not in a tolerant one. 
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Andrew and Vanden Berg (1973) found that tops of tolerant 
species contained more P after A1 treatment while P concentra­
tions in susceptible species decreased. The translocation 
efficiency (P translocated to tops/P taken up by roots) was 
decreased by A1 for all species, but the inhibition was most 
severe in susceptible species. However, P in tops after A1 
treatment was not related to differences in A1 tolerance in 
soybeans (Foy et al., 1959; Sartain and Kamprath, 1978) or 
potatoes (Lee, 1971), 
A1 has been found to decrease Ca uptake and Ca concentra­
tions in roots and tops of many plants (Foy et al., 1974b; 
MacLeod and Jackson, 1967; Johnson and Jackson, 1964; Lee, 
1971; Andrew et al., 1973; Foy and Brown, 1963). Lance and 
Pearson (1969) found that 1 hr treatment of cotton roots with 
0.3 ppm A1 in nutrient solutions decreased ^^Ca uptake. 
Petiole collapse associated with A1 toxicity in soybeans was 
related to a low petiole concentration of Ca (Foy et al., 
1969). Clarkson and Sanderson (1971) studied the Al=Ca. inter­
action in barley. They found that increasing A1 decreased Ca 
uptake. Increasing the Ca concentration of the nutrient solu­
tion lessened this inhibition. However, at a high concentra­
tion of Ca in the medium, similar uptake rates of Ca could be 
achieved at different A1 concentrations, yet the higher A1 
concentrations still produced more severe toxicity. These 
workers found that A1 reduced Ca in the root-free space and 
decreased Ca efflux from the root cell. Reduction of Ca trans­
14 
port to shoots by A1 treatment was independent of effects of 
A1 on transpiration. Wallace et al. (1977) found that a de­
crease in Ca increased A1 in leaves, stems, and roots of 
tomato. 
Tolerance to A1 has been related to the ability to main­
tain higher Ca concentrations in roots and tops of soybeans 
(Foy et al,, 1969) and snapbeans (Foy et al., 1972). Ca con­
centrations in stem exudates of a susceptible genotype of 
snapbeans were decreased by A1 while those of a tolerant geno­
type were unaffected by A1 (Foy et al., 1972). These workers 
also found more Ca in cell walls, nuclei, and mitochondria of 
the tolerant snapbean cultivar as compared with the sensitive 
cultivar. However, Sartain and Kamprath (1978) found that Ca 
concentrations of tops were not significantly related to A1 
tolerance in some soybean cultivars, and Lee (1971) found no 
cultivar by A1 interaction in Ca uptake among some potato 
Cultivars• 
A1 treatment has been found to decrease K and Mg in roots, 
tops, and stem exudates (Lance and Pearson, 1969; Clarkson and 
Sanderson, 1971; MacLeod and Jackson, 1967; Foy et al., 1972). 
While relatively high levels of A1 decreased K uptake in 
potatoes, low A1 levels stimulated uptake and translocation 
in some cultivars (Lee, I97l). Lee (1971) concluded that 
varietal differences in A1 tolerance in potatoes were mor ? 
closely related to differences in uptake and translocation of 
K and Mg than to differences in Ca or P nutrition, NO^ and 
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HgO uptake may also be inhibited by A1 (McLean and Gilbert, 
1927; Lance and Pearson, 1969). It has been suggested that the 
interference by A1 in HgO and nutrient uptake may reflect an 
effect on plasmalemma permeability (Lance and Pearson, 1969; 
McLean and Gilbert, 1927). 
Clarkson ( 1965a) found that A1 treatment caused a rapid 
inhibition of onion root elongation which was paralleled by a 
cessation of mitotic figures in the root meristem. Root 
elongation was virtually halted after 6 hr treatment with 
2 X 10 ^  M A1 (Clarkson, 1969). Mitotic figures were rare 
after 6 hr A1 treatment. Clarkson (1969) proposed that A1 
blocked the onion root cell division cycle during the period 
of DNA synthesis. 
Mitotic abnormalities have been reported in root cells 
following A1 treatment. Levan (1945) reported that A1 treat­
ment resulted in "sticky chromosomes", i.e., anaphase bridges 
between chromosomes. An increase in binueleate cells in roots 
of Al-treated plants has been reported for wheat (Fleming and 
Foy, 1968) and for cotton (Rios and Pearson, 1964). Clarkson 
(1969) concluded, however, that Al-injured cells of onion 
roots passed through mitosis normally, 
A1 has been located in nuclei of root meristem cells in 
Al-treated plants by X-ray microanalysis (Naidoo et al., 1978), 
by staining methods (McLean and Gilbert, 1927; Matsumoto et 
al., 1977b) and by analytical methods (Matsumoto et al., 1976). 
Matsumoto et al. (1976) reported that Al-treated pea roots 
16 
contained more nucleic acids than control roots. A1 was 
tightly bound to nucleic acids, and the amount of A1 associ­
ated with nucleic acids increased with duration of A1 treat­
ment. A1 was associated with DNA jja vivo, whereas A1 bound 
both DNA and RNA in vitro. The addition of histone inhibited 
A1 binding to DNA. Matsumoto et al. (1977b) found that 73% of 
the A1 in purified nuclei of Al-treated pea roots was associ­
ated with the deoxynucleoprotein (chromatin) fraction. 
Eichhorn (1962) reported that many divalent cations, 
including Mg, increased the stability of DNA by binding 
phosphate groups. The increase in stability of DNA by Mg 
binding resulted in an increased mean temperature of transi­
tion from double- to single-strandedness (T^) and a greater 
decrease in optical density vpon cooling than found for DNA 
with no metal present. Morimura and Matsumoto (1978) found 
that the absorption spectrum for pea root DNA was not al­
tered by A1 as it was by Hg, which binds the N bases of DNA. 
A1 did net raise the T^ for DNA, but the degree of hyper-
chromicity was reduced by increasing concentrations of Al. 
They suggested that DNA is stabilized by Al, probably by 
Al binding to P. 
Sampson et al. (1965) treated barley seedlings with Al 
for 48 hr and then incubated them in a nutrient solution 
containing . DNA was extracted from these roots and frac­
tionated on a methylated albumin kieselguhr (MAK) column. 
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32 p incorporation into the high molecular weight (4 to 6 x 
10^ daltons) DNA fraction was almost completely inhibited by 
32 
Al. A1 did not inhibit P incorporation into another 
fraction which was called "low molecular weight, meta-
bolically labile DNA". This fraction had a molecular weight 
of 2 to 3 X 10^ daltons and had a different base composition 
than the high molecular weight fraction (which they called 
32 
"genetic" DNA). Much of the P incorporated into this low 
31 
molecular weight fraction was removed by a 48 hr P chase. 
Clarkson (1969) concluded from these data that Al blocks cell 
division by blocking synthesis of high molecular weight DNA. 
He also concluded that "nucleic acid metabolism as a whole is 
32 
not disturbed by aluminium" since P incorporation into the 
low molecular weight fraction was similar in Al-treated and 
control roots. Bryant ( 1976a) has subsequently reported that 
"metabolically labile DNA" fractions obtained with MAK columns 
were either RNA or DNA synthesized by contaminating bacteria. 
Al has been reported to decrease the rate of DNA synthe­
sis in vitro (Sirover and Loeb, 1976), Al has also been shown 
to reduce DNA template activity jja vitro (Morimura and Matsu-
moto, 1978), 
Several studies have shown that much of the Al associated 
with roots grown in acid media is on the root surface (Rasmus-
sen, 1968; Naidoo et al., 1978), Clarkson (1967) found that 
most of the Al in roots of Al-treated barley seedlings could 
be accounted for in the cell wall fraction. Al adsorbed to 
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isolated cell wall material from these roots. The adsorbed 
A1 was not removed by washing or EDTA treatment. The A1 
adsorbed to cell wall material increased the affinity of that 
fraction for P. Clarkson (1967) speculated that A1 binds free 
carboxyl groups of polygalacturonic acid chains in the middle 
lamella of the cell wall. He also suggested that A1 adsorbed 
on the root surface may polymerize and bind P on the surface 
of the root. 
Klimashevskii and Dedov (1975) found that removing pectins 
from pea cell wall material reduced A1 binding to this material 
and that methylation of carboxyl groups eliminated A1 binding. 
However, Matsumoto et al. (1977a) used chromatographic and 
electrophoretic techniques to analyze cell wan material of 
Al-treated pea roots. They found that A1 and uronic acids 
were not associated. They concluded that A1 on the root sur­
face is polymerized due to an increase in root surface pH above 
that of the medium and is not bound to the cell wall. 
A1 adsorbed on root surfaces or bound to walls might in­
hibit root function. Matsumoto et al, (1977a) speculated that 
polymerized A1 on the root surface would present a physical 
barrier to cell elongation, Klimashevskii and Dedov (1975) 
reported that thé plasticity and elasticity of pea cell walls 
were decreased by A1 and that the decrease in elongation rates 
of pea seedling- roots associated with A1 toxicity and the 
decrease in cell wall plasticity were parallel processes, 
Jackson (1963) suggested that A1 adsorption on root surfaces 
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might interfere with ion uptake. 
Huck (1972) found that A1 pretreatment inhibited 
translocation to roots from cotton shoots fed Although 
Og uptake was not significantly reduced in roots of Al-treated 
plants, A1 treatment resulted in an apparent blockage in the 
conversion of labelled sucrose to other compounds in the root. 
He suggested that A1 treatment caused a block in cellulose 
polymerization in the roots with the result that biosynthesis 
of new cell walls was inhibited. Dedov and Klimashevskii 
(1977) found that 1 hr exposure of pea seedlings to A1 re­
sulted in a decrease in incorporation into pectin, hemi-
cellulose, and cellulose in roots. Hydrolase activity of cell 
walls was also inhibited by Al. Inhibition by A1 of these 
processes was more severe in a susceptible cultivar than in a 
tolerant one. These workers also found that a fungal pectinase 
was inhibited by Al. 
Clarkson (1966) found that Al treatment of barley seed­
lings caused an increase in inorganic P in roots and an in­
crease in P incorporation into ATP but a decrease in P in­
corporation into sugar phosphates. He also reported that Al 
inhibited yeast hexokinase as well as glucose phosphorylation 
by crude plant extracts. 
Woolhouse (1969) reported that Al treatment of Aarostis 
tenuis caused a decrease in root surface phosphatase activity 
and in ATPase activity associated with a root cell wall frac­
tion. Genotypes adapted to calcareous soils were more 
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affected than were genotypes adapted to acid soils, 
Klimashevskii and Bernatskaya (1973) also reported that A1 
caused changes in root ATPase and acid phosphatase activi­
ties and that the magnitudes of these changes were related 
to differential tolerance of two pea cultivars. 
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MATERIALS AND METHODS 
Growth Conditions 
Two wheat cultivars, 'Atlas 66' and 'Eagle', were used 
in these experiments. Plant growth conditions and screening 
techniques were similar to those given by Moore et al. (1976) and 
Kerridge et al. (1971). Plants were grown in a growth chamber 
at 25 ± 2°. Irradiance (ca. lOO |iE m ^sec ^) was provided 
by Sylvania Lifeline and ITT white fluorescent bulbs. A 16 
hr light, 8 hr dark cycle was used. 
Seeds were shaken with 5% household bleach (household 
bleach contains 5.25% sodium hypochlorite) for 5 min, rinsed 
several times with distilled HgO, and imbibed in aerated de-
ionized distilled H2O or 0.2 mM CaSO^, pH 4, for 24 hr. Eight 
to 10 of the germinating seeds were then planted in a cup 
with a nylon screen in the bottom. Fifteen cups fit into 
holes in a black acrylic cover of a 24 1 polypropylene con­
tainer. The cups containing the germinating seedlings were 
suspended over 24 1 complete nutrient solution (Table l). The 
nutrient solutions were aerated, and the pH was maintained at 
4.0 ± 0.1 throughout the experiments. Except where otherwise 
specified, seedlings were grown in complete nutrient solu­
tions for 48 hr and then transferred to treatment solutions. 
Except where noted, control (0 Al) and Al treatment solutions 
had the same composition as the complete nutrient solution 
with the following exceptions» KH2P0^ was omitted, FeCl^ was 
22 
Table 1. Complete nutrient solution^ 
mM (AM 
Ca(N03)2.4H20 4 -
MgSO^ 2 -
KNO3 4 -
<'«4>2®°4 0.435 -
KHjPO^^ 0.5 -
MnSO^.HgO — 2 
CuSOj/SHgO - 0.3 
ZnSOj.THgO - 0.8 
NaCl - 30 
NagMoO^.ZHgO - 0.1 
H3BO3 - 10 
Fe-EDDHA^ 10 
^pH 4*0» adjusted with H^SO^ or KOH = 
^Omitted from A1 treatment solutions and controls. 
^Fe-EDDHA as "Sequestrene". FeClg substituted for Fe-
EDDHA in A1 treatment solutions and controls, 
substituted for Fe-EDDHA, and A1,(SO^)^«18H,0 was added to 
give the desired concentration of Al. The pH of control and 
A1 treatment solutions was maintained at pH 4.0, Al treatment 
solutions will be referred to by the concentration of Al, 
e.g., an Al treatment solution containing 5 ppm Al will be 
referred to as "5 ppm Al solution" or "5 ppm Al". 
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Screening Experiments 
Seedlings were thinned to 3 per cup, and the positions 
of the individual seedlings were marked with colored lines on 
the rims of the cups. The length of the middle (longest) 
seminal root of each seedling was measured; this measurement 
will be referred to as "root length". Seedlings were then 
transferred to containers with control or A1 treatment solu­
tions. After 48 hr of A1 treatment, root lengths of seedlings 
were again measured, and seedlings were transferred back to 
complete nutrient solutions for 72 hr recovery growth. A 
final measurement of root length was made at the end of the 
recovery period. 
Weights of all the seedlings in a given treatment were 
obtained for some experiments. The remains of the seeds were 
removed from these plants, and roots and shoots were separated 
and dried in an oven at ca. 90° for at least 24 hr. Root and 
shoot dry weights were then determined. 
Two series of À1 treatments were used with 21 seedlings 
per cultivar per A1 level. One series consisted of 0, 0.5, 5, 
and 50 ppm Alj this experiment was conducted three times. The 
other series consisted of 0, i, 10, and 125 ppm Ai and was 
not repeated. 
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Short-term Root Elongation Experiments 
In the first experiment, root elongation of the two 
cultivars in 0 or 5 ppm A1 was examined. Root lengths were 
measured at the beginning of the treatment period and then 
at 4, 6, 8, and 10 hr after the beginning of treatment. After 
10 hr of treatment, seedlings were transferred back to re­
covery solutions for 12 hr, and root lengths were measured at 
the end of this period. Each treatment consisted of 21 seed­
lings of each cultivar. 
Only Eagle was included in the other short-term experi­
ments . Cups of three seedlings each were randomly assigned 
to five categories of duration of treatment. There were 6 
cups (18 seedlings) in each treatment category. Before trans­
fer to A1 or control solutions, root lengths of all seedlings 
were measured. After the treatment period, seedlings were 
transferred to recovery solutions for 4 hr, A final measure­
ment of root length was made at this time. 
This procedure was used for two sets of experiments. One 
set consisted of 1 to 5 hr treatment with 0 or 5 ppm Al, and 
this experiment was repeated one time. The other set consisted 
of treatments with 0 or 1 ppm Al for 1 to 5 hr in one experi­
ment and for 5 to 10 hr in the other. These experiments were 
not repeated. 
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P Pretreatment Experiments 
In the first experiment, seedlings of the two cultivars 
were grown for 48 hr in complete nutrient solutions with the 
usual amount (0.5 n^) KHgPO^ or with 0.005 mM KHgPO^. After 
this pretreatment period, root lengths were measured and seed­
lings were transferred to 1 ppm A1 or control treatments. 
After 24 hr, root lengths were again measured. The remainder 
of the seed was removed from each seedling after 48 hr in Al, 
and a second root length measurement was made at this time. 
The seedlings were then transferred back to the initial high 
or low P solutions. After 72 hr, root lengths were measured, 
and seedlings were transferred back to Al treatments for 48 
hr, after which a final root length measurement was made. 
There were 21 seedlings per cultivar per treatment in this 
experiment. 
In the second experiment, seedlings of the two cultivars 
were grown for 10 days in nutrient solutions containing the 
usual amount (0.5 r^) KHgPO^ or in solutions with no added P. 
Seed reserves from these plants were removed at day 6, and 
fresh nutrient solutions were provided midway through this 
growth period. Root lengths were measured prior to the trans­
fer of the plants to 0 or 1 ppm Al solutions. After 24 hr, 
root lengths were again measured. There were 21 seedlings of 
each cultivar per treatment. 
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Auxin Experiments 
Eagle seedlings were grown as usual in complete nutrient 
solutions and subsequently transferred to 0 or 1 ppm A1 solu­
tions for 12 hr. Root lengths were measured, and seedlings 
were then transferred to ca. 2 1 of complete nutrient solu­
tions containing indoleacetic acid (lAA) for 24 hr. A final 
root length measurement was made at the end of this period. 
lAA levels in the first experiment were 0, 3 x ICT^ M, and 
3 X 10 ® M, lAA levels in the second experiment were 0, 
3 x 10 ^  M, and 3 x 10 M. There were 9 Al-treated seed­
lings per level of added lAA and 6 control seedlings. 
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P Incorporation into DNÀ 
Seedlings were grown as for the previous experiments, ex­
cept that seeds were planted in plastic trays instead of the 
smaller cups. About 90 seeds were planted per tray, and a 
maximum of six trays were suspended over 24 1 of nutrient 
solution. Seedlings were usually thinned to 75 per tray 
before A1 treatment. 
Twelve trays of each cultivar were grown 48 hr in com­
plete nutrient solutions. One-half were transferred to 5 ppm 
A1 treatments and one-half to control treatments. At the end 
of 12 hr, 2 trays per cultivar per treatment were dipped in 
0.2 mM CaSO^, pH 4, and labelled 4 hr in 1.5 1 labelling 
solution. The labelling solution was similar to the complete 
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nutrient solution in Table 1, except that KHgPO^ was omitted 
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and 0.5 to 1.0 mCi P (carrier-free orthophosphate) was 
added. At the beginning of the labelling period a 1 ml ali­
quot of the labelling solution was taken. This was later made 
up to 100 ml with 5 mM and a 1 ml aliquot of this was 
counted along with the DNA samples. 
After the labelling period, roots of labelled seedlings 
were briefly washed in distilled H2O or 0.05 M KHgPO^, Roots 
were then harvested and stored in 95% ethanol in the freezer. 
Roots of the unlabelled plants were also harvested and stored 
in ethanol in the freezer. 
The roots of all the seedlings of each cultivar vfliich 
were exposed to a given treatment (2 labelled trays plus 4 un­
labelled trays) were combined for deoxyribonucleic acid (DNA) 
extraction. The DNA extraction procedure resembled those of 
Kemp and Sutton (1976) and of Stern (1968). The charcoal ad­
sorption steps were modified from Zamenhof and Chargaff (1951). 
The method was as follows: 
1 .  Ca. 10 g of roots were chopped with scissors and 
placed in 20 ml of cold extraction solution consist­
ing of 1 M NaClOj, 0.3 M NaCl, and 0.1 M EDTA, pH 8. 
The roots were ground in this solution in a mortar 
and pestle surrounded with ice. A little washed sand 
was added to facilitate grinding. 
2. The homogenate was transferred to a flask and warmed 
to 30® in a water bath. 0.450 g sodium lauryl 
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sulfate was added, and the stoppered flask was shaken 
for 2 to 3 min. The flask was then incubated at 30° 
for 10 to 15 min. 
3. 25 ml chloroform-octanol (10*1) was added, and the 
flask shaken for 20 min. Contents of the flask were 
centrifuged at ca. 25,000 g for 5 min. The upper 
aqueous layer was removed and the lower layer dis­
carded. 
4. The chloroform-octanol extraction was repeated 2 
times, with 20 ml chloroform-octanol and 10 min 
shaking. 
5. 40 ml cold 95% ethanol was added to the final aqueous 
extract. The extract was placed in the freezer 
overnight. 
6. Precipitated fibers were removed from this extract 
and washed in cold 95% ethanol. 
7. Fibers were dissolved in 5 ml cold 0,1 x SSC (SSC is 
0.15 ^  NaCl and 0,015 ^  trisodium citrate, pK 7) in 
the refrigerator. 
8. The solution was warmed to room temperature, 0.3 ml 
ribonuclease (RNAase) solution was added, and the 
solution was incubated at 37° for 30 min, RNAase 
solution was prepared as follows* 2 mg bovine pan­
creatic RNAase A (Sigma Chemical Co.) was dissolved 
per ml of 0.15 NaCl, pH 5. This solution was 
heated to 80° for 10 min and was subsequently stored 
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in the freezer. 
9. Solid NaCl was added to make the solution 2.5 M NaCl. 
6 ml chloroform-octanol was added, and the solution 
was extracted as in step 3. This extraction was re­
peated twice. Fibers were precipitated from the 
aqueous layers with 2 volumes of cold ethanol as in 
steps 5 and 6. 
10. Fibers were dissolved in the cold in 1 ml 1.0 ^  NaCl. 
0.1 ml pronase solution was added, and the solution 
was incubated at 45-50° for 2 hr in a water bath. 
Pronase solution was prepared as follows: 2 mg/ml 
pronase (Calbiochem) was dissolved in HgO. The pH of 
this solution was adjusted to 5 with HCl, and the 
solution was heated to 80° for 10 min. After cooling, 
Tris buffer, pH 7, was added to give a concentration 
of O.Ol if. The pH of the solution was adjusted to 7 
with NaOH, and solid NaCl was added to give 1.0 M 
NaCl. This solution was stored in the freezer. 
11. Solid NaCl was added to make the solution 2.5 M NaCl, 
2 ml chloroform-octanol was added, and the solution 
was extracted with 10 min shaking as in step 3. 
12. The upper aqueous layer was removed, and fibers pre­
cipitated with 2 volumes cold ethanol as before. 
13. Fibers were dissolved in a centrifuge tube in 1.0 ml 
0.14 M NaCl. 2 drops of a suspension of washed 
charcoal (Darco G-60) in 0.14 M NaCl were added, and 
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the tube was centrifuged at ca. 44,800 g for 30 min 
to 1 hr at 5°. The supernatant was decanted, and 
fibers were precipitated with 2 volumes cold ethanol 
as before. 
14. Fibers and/or precipitate were washed with cold 95% 
ethanol and dissolved in 4 ml 0.1 x SSC. Any remain­
ing charcoal was removed by centrifuging at ca. 
44,800 g for 30 min. A one ml aliquot was taken for 
scintillation counting, and one ml was used for DNA 
estimation. 
32 
P in the samples was determined by liquid scintillation 
counting. One ml aliquots of the samples were counted for 10 
min in 10 ml Scintisol (Isolab) in a Packard Tri-Carb Liquid 
Scintillation Spectrometer, Model 3320. 
DNA was estimated by the method of Burton (1956) with 
certain modifications of Giles and Myers (1965). One ml of a 
DNA sample was placed in a test tube. Two ml of a freshly pre­
pared solution consisting of 4% diphenylamine and 1.5% sulfuric 
acid in glacial acetic acid was added followed by 0,1 ml 
aqueous acetaldehyde (1.6 mg/ml). The tubes were incubated at 
30° overnight, and the absorbance at 595 nm was read on a 
Bausch and Lomb Spectronic 20, A standard curve was prepared 
from calf thymus DNA (Sigma Chemical Co.). Results were re­
ported on the basis of DNA-P. P in the DNA standard was de­
termined by the method of Dick and Tabatabai (1977). 
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% Incorporation into DNA» Labelling After 
Al Treatment 
32 Seedlings were grown in trays as in P labelling experi­
ments except that only two trays per cultivar per treatment 
(i.e., a total of 8 trays) were grown. After ca. 48 hr growth 
in complete nutrient solutions, the trays were transferred to 
5 ppm A1 or control treatment solutions. A1 treatment periods 
of 2, 4, 6, 8, 12, and 48 hr were used. Each treatment period 
comprised a separate experiment. Experiments with treatment 
periods of 2 and 4 hr were repeated; the rest were run only 
once. At the end of the treatment period, the roots were 
washed by dipping in 0,2 mM CaSO^, pH 4, and the trays were 
transferred to 1.5 l aerated labelling solution. The labelling 
solution consisted of the complete nutrient solution to which 
were added 1 to 0.5 raCi (methyl-^H)-thymidine (20 Ci/m mol. 
New England Nuclear), and 0.075 g chloramphenicol. This con­
centration of chloramphenicol has been used to inhibit bacteri­
al contamination of root and storage tuber tissue (Neyra and 
Hageman, 1975; Maggioni and Renosto, 1977). Plants were in­
cubated for 4 hr in this labelling solution. 
After the labelling period, roots were harvested and 
placed in cold 95% ethanol in the freezer. DNA was extracted 
from these roots as soon as possible after harvestingé The DNA 
extraction method of Laulhere and Rozier (1976) was used; 
1. Ca. 2 g roots were minced with scissors in 10 ml of 
extraction medium consisting of 0.5 NaCl, 100 
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Tris, 10 mM MgClg, 20% ethanol (v/v), 3% sodium 
lauryl sulfate (w/v), and 20 Nag-EDTA, pH 7.6. 
0.2 ml diethylpyrocarbonate, a deproteinizing agent, 
was added per 10 ml extraction medium immediately be­
fore use. The roots were ground in this solution 
in a mortar and pestle surrounded by ice. Washed 
sand was added to facilitate grinding. 
The homogenate was transferred to a glass centrifuge 
tube and stirred 5 min in a water bath at 37°. 
1 to 1.5 volumes chloroform was added to the tube, 
and the contents of the tube were stirred. The tube 
was then chilled in an ice bath. 
The contents of the tube were centrifuged at ca. lOOO 
g for 10 min. The upper aqueous layer was removed and 
placed in a plastic centrifuge tube. 2 volumes of 
cold 95% ethanol were added, and the tube was placed 
in a freezer overnight. 
The tube was centrifuged 10 min at ca. 11,000 g. 
The pellet was suspended in 1 ml 3 M sodium acetate, 
pH 6, and centrifuged for lO min at ca. 25,000 g. 
The supernatant was saved, and the pellet was resus-
pended in 3 M sodium acetate and centrifuged again. 
The two supernatants were pooled. 
Supernatants from the two trays of seedlings repre­
senting one cultivar and one treatment were combined. 
The ca. 4 ml sample was applied to a column (2.5 x 
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25 cm) of Sepharose 4B-200 and eluted with O.l x SSC. 
5 ml fractions were collected and the absorbance at 
260 nm read on a Beckman DB-G Spectrometer. High 
molecular weight DNA eluted in the first peak of ab­
sorbance at 260 nm. 
% in the appropriate fraction was determined by liquid 
scintillation. 1 ml of sample was counted in 10 ml Scintisol 
on a Packard Tri-Carb Liquid Scintillation Spectrometer Model 
3320. The specific activity of a DNA sample was computed as 
(net cpm/absorbance at 250 nm) of the first peak eluted from 
the column. 
Aliquots of the labelling solution were taken before and 
sometimes after the labelling period, diluted, and counted as 
were the DNA samples. 
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H Incorporation into DNAt Labelling Before 
A1 Treatment 
The procedure was identical to that used in the previous 
O 
labelling experiments except that the seedlings were 
labelled with ^-thymidine for 2 hr prior to A1 or control 
treatments of 2 or 4 hr. The same method for DNA extraction 
was used; Each experiment was repeated once. 
Thymidine Uptakes Whole Roots 
Seedlings were grown in trays as for the ^  labelling 
experiments. After ca. 48 hr growth in complete nutrient 
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solution, the trays were transferred to 5 ppm A1 or control 
treatments. At the end of the treatment period, the roots 
were washed by dipping them in 0.2 mM CaSO^, pH 4, and the 
trays were transferred to the labelling solution. The label­
ling solution was identical to that used in the ^  labelling 
experiments, i.e., 1.5 1 complete nutrient solution with ca. 
0.5 mCi ^-thymidine and 0.075 g chloramphenical added. 
After 4 hr incubation in the labelling solution, the 
trays were transferred back to complete nutrient solutions for 
a 30 min washing period. The roots were then harvested, 
blotted on paper towels, and weighed. The roots were cut in 
small pieces and digested by a modification of the method of 
Mahin and Lofberg (1966). The cut roots were placed in a 
flask with 3 ml concentrated perchloric acid and 6 ml 30% HgOg 
and heated overnight or longer in an oven at ca. 70°. The 
digest was made up to 10 or 25 ml with water, and a 1 ml 
aliquot was counted in 15 ml Scintisol in a Beckraan DPM-lOO 
liquid scintillation counter. One ml of the labelling solution 
taken just prior to labelling was made up to lOO ml and 1 ml 
of this dilution was also counted. 
One experiment consisted of seedlings of one cultivar 
treated with A1 for 2 and 4 hr or 6 and 12 hr. There were 
two trays of seedlings per treatment time for Al-treated and 
control seedlings, and these were counted separately to give 
2 replications per experiment. Experiments with Eagle seed­
lings were repeated one time, while those with Atlas 66 
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seedlings were not repeated. 
Thymidine Uptake: Root Tips 
Only Eagle seedlings were used in these experiments. 
Plants were grown in trays for 48 hr and were then transferred 
to 5 ppm A1 or control solutions. At the end of the treatment 
period, the roots were dipped in 0.2 mM CaSO^, and the trays 
were then placed in labelling solution identical to that used 
in the previous experiments. The trays were incubated in the 
labelling solution for 4 hr. 
After the labelling period, the trays were transferred 
to complete nutrient solutions containing 0.96 g unlabelled 
thymidine per 24 1. This was 10^ times the thymidine concen­
tration of the labelling solution. The seedling roots were 
washed in the solution for 30 min. 
At the end of this washing period, the trays were placed 
in cold water. Root tips (ca. 5 mm) were excised from about 
25 seedlings; these were combined, blotted, weighed, and placed 
in flasks with 2 ml concentrated perchloric acid and 4 ml 
30% HgOg. The remaining root material was excised, blotted, 
weighed; and placed in flasks with 4 ml concentrated perchloric 
acid and 4 ml 30% H2O2. The root material was digested in an 
oven at ca. 70°. The digests were made up to constant volume, 
and aliquots were counted as in the previous section. An 
aliquot of the labelling solution taken prior to labelling 
was also prepared for counting as before. 
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Al treatments of 4, 6, and 12 hr were run, with one A1 
treatment per experiment. There were 3 replications of Al-
treated and control seedlings per experiment. 
Mitotic Figures 
Seedlings of Eagle were grown in trays as usual. After 
48 hr in complete nutrient solutions, the trays were placed 
in 5 ppm A1 or control solutions. Root tips were harvested 
after 1, 2, 4, and 6 hr of treatment. 
A method similar to those given by Jensen (1962) and 
Gray (1964) was used in preparing slides of this material. 
The root tips were vacuum infiltrated with Navashin's solu­
tion (Jensen, 1962). The fixed tissue was washed overnight in 
running water and then placed for 1 to 2 hr in each of the 
following ethanol solutions: 5%, 1(%, 18%, and 30%. The 
tissue was then dehydrated completely by passing it through a 
N-butanol series similar to the tertiary butyl alcohol (TEA) 
series of Gray (1954). 
After dehydration, the root tips were embedded in Para-
plast (Sherwood Medical Industries) in an oven at 60°. The 
embedded tissue was cut on a rotary microtome into 10 n longi­
tudinal sections. The ribbons were mounted on glass slides 
with Haupt's adhesive, rehydrated, and stained by the Feulgen 
method with Schiff's reagent and counterstained with fast 
green. The Feulgen method stains the DNA of the chromosomes 
(Jensen, 1962). 
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The slides were observed with a light microscope, and 
mitotic figures (cells in metaphase through telophase) were 
counted for one 450K field in the root meristem of a near 
median longitudinal section of each root tip. 
A1 Contents of Roots 
Seedlings were grown in trays. After 48 hr in complete 
nutrient solutions, trays were transferred to 5 ppm A1 treat­
ment solutions for 0, 2, 4, 6, and 12 hr. At the end of the 
treatment period, trays were transferred back to complete 
nutrient solutions for a 30 min washing period. Roots were 
then harvested and dried in an oven at ca. 90° for at least 
24 hr. Roots from 3 trays were combined to give one sample. 
A1 was determined in the roots by the "aluminon" method 
of Chenery (1948) essentially as outlined by Chapman and 
Pratt (1961). The oven dried roots were weighed and dry 
ashed in a muffle furnace at ca. 550""", The ashed material was 
dissolved in 2 ml 1 N HCl, filtered, and made up to 50 ml. 
1 to lO ml of sample was pipetted into graduated 25 ml test 
tubes. H2O was added to a volume of 10 ml. One ml of 1% 
thioglycollic acid solution was added to the tube and the 
contents were mixed. 5 ml of aluminon reagent was mixed 
with the contents of this tube. Aluminon reagent was prepared 
by dissolving 0,75 g ammonium aurine tricarboxylate, 15 g gum 
acacia, and 200 g ammonium acetate in separate beakers, mixing 
these solutions together, adding 190 ml concentrated HCl, 
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filtering, and diluting to 1500 ml. 
The tubes were incubated in a boiling water bath for 16 
min, allowed to cool about 2 hr, diluted to 25 ml, and the 
absorbance at 455 nm was read on a Bausch and Lomb Spectronic 
20. A1 values were calculated from a standard curve using 
AlKtSO^ig'lZHgO as a standard. 
Each time of exposure to A1 comprised a separate experi­
ment because of the large amount of plant material required 
for these determinations. There were two replications per 
cultivar per experiment. 
Hematoxylin Staining of Al-Treated Roots 
The staining procedure of Polle et al. (1978) was used in 
this experiment. Seedlings of Atlas 66 and Eagle were grown 
in cups for 48 hr and then transferred to 5 ppm A1 solutions. 
The A1 treatment solutions differed from the usual A1 treatment 
solutions in that Fe was omitted. After 2, 4, 6, and 12 hr 
A1 treatment, several cups were transferred to HgO for a 30 
min wash. The cups were then placed in trays containing a 
hematoxylin stain and agitated in this solution for 15 min. 
Roots were rinsed in HgO and then washed with aerated H^O for 
30 min. Observations were made of the degree of staining of 
the roots of each cultivar, and representative roots were 
photographed. 
39 
14 Leakage of C-Sucrose 
Four trays of Atlas 66 and 4 trays of Eagle seedlings 
were grown for 48 hr in complete nutrient solutions. The 
trays were then transferred to a labelling solution which con­
sisted of 1.5 1 complete nutrient solution, pH 4, to which had 
been added 0.075 g chloraraphenical and ca. 0.5 mCi ^ ^C-sucrose. 
After 4 hr labelling, the seedlings were washed 30 min 
in unlabelled nutrient solution (complete nutrient solution 
minus KH^PO^). The roots were briefly washed in 0,2 mjl 
CaSO^, pH 4, and the trays were placed in individual containers 
lined with plastic bags and containing 200 ml aerated treat­
ment solution. Two trays per cultiver were placed in 5 ppm 
A1 treatment solutions, and two trays per cultivar were placed 
in control solutions. The containers with the trays were 
covered with plastic bags to prevent excessive evaporation. 
One ml aliquots were taken from each container at 15. 
30, 45, 60, 75, 90, l05, 120, 150, and 180 min after the be­
ginning of the treatment period and were counted in 10 ml 
Scintisol on a Packard Tri-Carb Liquid Scintillation 
Spectrometer, Model 3320. Aliquots of the labelling solution 
were also taken before and during the labelling period. These 
were counted along with the samples. 
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Leakage of Neutral Red 
A procedure similar to that described by Lerner et al. 
(1978) was used for loading of neutral red into roots. In 
the first experiment, seedlings were grown for 48 hr in com­
plete nutrient solutions. Thirty mm root-tip segments were 
excised into 10 ml of aqueous neutral red solution (1 mg/ 
lO ml). Ten ml of 20 mM potassium phosphate buffer, pH 7,5, 
was added, and the excised roots were incubated for 1 hr. 
The excised roots were then washed with HgO, 0.2 mM CaSO^, 
and 0.2 CaSO^, pH 4. They were shaken in the latter solu­
tion for 1.5 hr, drained, and then incubated with shaking in 
10 ml of 5 ppm A1 solution or control solution. These solu­
tions were replaced at 30 min, 1 hr, and 2 hr after beginning 
of the treatment, and the absorbances of the treatment solu­
tions were read at 500 nm on a Bausch and Lomb Spectronic 20, 
There were three replications of 15 excised roots per cultivar 
for A1 and control treatments. 
For the second experiment, seedlings which had been grown 
in complete nutrient solutions for 72 hr were used. The pro­
cedure was similar to that used in the first experiment, ex­
cept that 5 ml neutral red solution and 5 ml buffer were 
used; the excised roots were shaken in 0,2 CaSO^ solution, 
pH 4, for 30 min; 5 ml of 5 ppm A1 solution or of control solu­
tion was used; and a treatment time of 1 hr was used. There 
were 5 replications of 12 root batches per cultivar per 
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treatment. 
For the third experiment, seedlings grown for 48 hr in 
complete nutrient solutions were used. The procedure was 
identical to that of the second experiment, except that 
there were three 30 min washing periods in fresh 0.2 mH CaSO^, 
pH 4, before the A1 or control treatments were begun. Eighteen 
roots were combined as one experimental unit. This e3q)eriment 
consisted of 5 replications. 
Leakage of Electrolytes 
For the first two experiments. Atlas 66 and Eagle seed­
lings grown for 48 hr in complete nutrient solution were 
used. Twenty mm basal segments of 30 roots were excised, tied 
in cheesecloth bags, and immersed in aerated complete nutrient 
solution until the beginning of the treatment period. 
When all the roots were excised, the bags were placed in 
containers of 1 liter control or 5 ppm À1 treatment solution. 
At the end of 1 or 2 hr (second and first experiment, re­
spectively) , the bags were washed for 15 min in aerated 
deionized, distilled HgO. Each bag was then blotted and 
placed in a beaker containing 10 ml HgO. The beakers were 
covered with parafilm and shaken in a water bath at 25° for 
1 hr. The bags were then removed, and the root material was 
weighed. Conductivities of the HgO in which the root seg­
ments had been incubated were determined on a yellow Springs 
Instruments 31 conductivity bridge (Tipton et al., 1975). 
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There were 3 replications per cultivar per treatment. 
For the third experiment, intact seedlings instead of 
excised roots were used. The seedlings were treated for 2 hr 
in 5 ppm A1 or control solution and were then washed 15 min 
with aerated 0.1 m^ CaSO^ solution. Fifteen intact seedlings 
were placed in a plastic vial in 10 ml 0.1 mM CaSO^ solution, 
and the vials were shaken for 2 hr in a water bath at 25°. 
The plants were then removed and the roots weighed. The con­
ductivities of the CaSO^ solutions were determined as in the 
first two experiments. There were 3 replications per cultivar 
per treatment. 
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RESULTS 
Screening Experiments 
Table 2 summarizes the results of three screening experi­
ments with 0, 0.5, 5, and 50 ppm A1 treatments. Differential 
A1 tolerance between the two cultivars was evident at all 
levels of added Al. Eagle was susceptible to A1 injury at 
0.5 ppm Al as evidenced by decreased root elongation during 
Al treatment. These roots regrew during the recovery period, 
but the amount of regrowth was less than that of the control. 
Elongation of Eagle roots was drastically reduced by 5 and 50 
ppm Al with virtually no recovery of elongation. Atlas 66 was 
relatively unaffected by 0.5 ppm Al and only slightly de­
pressed by 50 ppm Al. Indeed, recovery growth following these 
Al treatments was better than the control. With 50 ppm Al 
treatment Atlas 66 was inhibited, but even at this level, some 
recovery was possible. The data for root elongation during 
the Al treatment periods and during the recovery period are 
presented in histograms in Figures 1 and 2. 
An analysis of variance performed on these data showed 
that the interaction between Al level and cultivar was highly 
significant for both growth in Al solutions and recovery growth 
when tested with the error term representing variation among 
seedlings within experiments, with the 3-way interaction of 
experiment by Al level by cultivar ("between experiment" error 
term), and with a combined error term comprising both of these 
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Table 2. Root elongation (mm) during 48 hr A1 treatment 
period (0, 0.5, 5, and 50 ppm Al) and 72 hr re­
covery period 
Al Al treatment period Recovery period 
level -ah 
(ppm) Cultivar SD SEM X SD SEN 
0 Atlas 
Eagle 
66 65.2a 
64.4ab 
8.7 
5.0 
1.1 
0.6 
63.7b 
66.Oab 
15.2 
8.0 
1.9 
1.0 
0.5 Atlas 
Eagle 
66 64.3ab 
46.7c 
10.6 
6.5 
1.3 
0.8 
67,1a 
56.6c 
12.0 
7.3 
1.5 
0.9 
5 Atlas 
Eagle 
66 62.7b 
7.0e 
9.2 
2.3 
1.2 
0.3 
68.0a 
0.2e 
13.9 
2.3 
1.8 
0.3 
50 Atlas 
Eagle 
66 9.8d 
3.Of 
3.2 
1.6 
0.4 
0.2 
29.4d 
0.2e 
12.0 
2.2 
1.5 
0.3 
Means followed by the same letter were not significant­
ly different (P = 0.05) when compared by Duncan's multiple 
range test using a common error mean square for both cultivars 
at all Al levels and for 3 experiments. 
^Observations from 3 experiments were used to calculate 
standard deviations (SD) and standard errors of the mean 
(SEM). These values were calculated for each cultivar at 
each Al level. 
sources of variation. 
Mean dry weights for 21 seedlings of each cultivar at 
each Al level for two of the series of experiments are given 
in Table 3. Differential tolerance between cultivars can 
be seen at 5 and 50 ppm Al, Both roots and shoots of Atlas 
66 in the 0.5 ppm Al treatment group weighed more than the 
controls although the root/shoot ratios were almost the same 
for these two groups. Shoot dry weights for Atlas 66 were 
Figure 1. Root elongation of seedlings during 48 hr in 0, 
0.5, 5, and 50 ppm A1 
46 
I 
P 1 :• 
I I Atlas 66 
0.5 
A1 (ppm) 
50 
Figure 2. Root elongation of seedlings during 72 hr 
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Table 3. Dry weights and root/shoot dry weight ratios after 
48 hr A1 treatment (0, 0.5, 5, and 50 ppm Al) and 
72 hr recovery period 
Al level Roots Shoots Roots/ 
(ppm) Cultivar -(g/21 seedlings)- shoots 
0 Atlas 66 0.188 0.607 0.310 
Eagle 0.197 0.531 0.371 
0.5 Atlas 66 0.195 0.632 0.309 
Eagle 0.194 0.511 0.380 
5 Atlas 66 0.189 0.651 0.290 
Eagle 0.128 0.394 0.325 
50 Atlas 66 0.161 0.547 0.294 
Eagle 0.090 0.315 0.286 
increased at 5 ppm whereas root dry weights were decreased. 
Fifty ppm Al decreased both root and shoot weights for both 
cultivars, but the effect was more pronoimced on roots than 
shoots as evidenced by a decrease in root/shoot ratios. 
'Table 4 gives the results of a single screening experi­
ment with 0, 1, 10 and 125 ppm Al. Root elongation in Eagle 
was markedly inhibited during 1 ppm Al treatment, yet this 
effect was partially reversible in that some recovery elonga­
tion was seen. Elongation during Al treatment was inhibited 
at 10 ppm in Atlas 56, and yet recovery elongation was close 
to that of the control. Both Atlas 66 and Eagle were virtually 
irreversibly inhibited by 125 ppm Al treatment. An analysis 
of variance of these data revealed that the Al level by 
cultivar interaction was highly significant. 
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Table 4. Root elongation (mm) during 48 hr A1 treatment 
period (0, 1, 10, 125 ppm Al) and 72 hr recovery 
period 
Al Al treatment period Recovery period 
level -a b 
(ppm) Cultivar X SD" SEM X SD SEN 
0 Atlas 
Eagle 
66 69,6ab 
66.5b 
7.4 
5.7 
1.6 
1.2 
80.7a 
76.0b 
6.3 
9.0 
1.4 
2.0 
1 Atlas 
Eagle 
66 71.4a 
28.6d 
8.2 
4.5 
1.8 
1.0 
75.6b 
48.5c 
12.5 
5,4 
2.7 
1.2 
10 Atlas 
Eagle 
66 57.0c 
4.7e 
10.7 
1,7 
2.3 
0.4 
78.3ab 
-O.ld 
6,1 
1,9 
1.3 
0,4 
125 Atlas 
Eagle 
66 4.0e 
2.9e 
1,5 
1.2 
0.3 
0.3 
1.8d 
-0.3d 
4,7 
2,0 
1.0 
0.4 
Means followed by the same letter were not significantly 
different (P = 0,05) when compared by Duncan's multiple range 
test using a common error mean square for both cultivars at 
all Al levels, 
^Standard deviations (SD) and standard errors of the mean 
(SEM) were calculated for each cultivar at each Al level. 
Dry weights and root/shoot dry weight ratios for this 
experiment are given in Table 5, Differential tolerance to 
Al was not evident at 1 ppm but the greater susceptibility of 
Eagle was clear at 10 ppm Al. At 125 ppm Al, weights of 
both cultivars were reduced relative to the controls. Al 
toxicity resulted in a decrease in the root/shoot dry weight 
ratio for both cultivars. 
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Table 5. Dry weights and root/shoot dry weight ratios after 
48 hr A1 treatment (0, 1, 10, 125 ppm Al) and 72 hr 
recovery period 
Al level Roots Shoots Roots/ 
(ppm) Cultivar -(g/21 seedlings)- shoots 
0 Atlas 66 0.212 0.617 0.344 
Eagle 0.198 0.485 0.408 
1 Atlas 66 0.207 0.621 0.333 
Eagle 0.210 0.510 0.412 
10 Atlas 66 0.197 0.605 0.326 
Eagle 0.107 0.359 0.298 
125 Atlas 66 0.085 0.369 0.230 
Eagle 0.079 0.276 0.286 
Short-term Root Elongation Experiments 
Short-term root elongation values for both cultivars in 
0 and 5 ppm Al solutions are given in Table 6. Values for 
Atlas 66 in the 5 ppm Al solution differed only slightly from 
the control after 4 hr Al treatment and during the 12 hr re­
covery period, but overall this treatment and the controls 
had similar elongation rates. The greater susceptibility of 
Eagle to 5 ppm Al was evident after 4 hr Al treatment. There 
was virtually no elongation after 6 hr in Al for this cultivar, 
and there was little recovery from this treatment. Figure 3 
shows the cumulative elongation values for these roots. 
Tables 7 and 8 give root elongation values for Eagle 
roots during 1 to 5 hr of 5 ppm Al treatment and during 4 hr 
Table 6. Root elongation (mm) during A1 treatment; measurements were made at intervals after the 
beginning of A1 treatment (0 hr) and after a 12 hr recovery period following 10 hr A1 
treatment 
A1 
level 
(ppm) Cultivar 
0 Atlas 66 
Eagle 
0 to 4 hr 
X®' SD^ SEM 
5.Sa 1.2 0.3 
5.4ab 1.3 0.3 
4 to 6 hr 
X SD SEM 
3.3a 1.4 0.3 
3.0a 0.7 0.2 
6 to 8 hr 
X SD SEM 
1.7a 1.0 0.2 
2.3a 1.6 0.4 
8 to 10 hr 
X SD SEM 
2.1a 1.4 0.3 
2.3a 1.4 0.3 
10 hr to end of 
recovery period 
X SD SEM 
14.9a 2.0 0.4 
16.0a 2.4 0.5 
5 Atlas 66 5.0b 1.4 0.3 2.7a 0.8 0.2 2.1a 1.2 0.3 2.4a 1.2 0.3 12.9b 1.6 0.4 
Eagle 2.9c 0.8 0.2 1.1b 0.9 0.2 0.4b 0.9 0.2 0.2b 1.2 0.3 1.1c 1.5 0.3 
^Means followed by the same letter were not significantly different (P = 0.05) when compared 
by Duncan's multiple range test with a common error mean square for both cultivars at both A1 
levels in each time interval. 
^Standard deviations (SD) and standard errors of the mean (SEM) were calculated for each 
cultivar at each A1 level in each time interval. 
Figure 3, Cumulative root elongation during 4 to lO hr Al treatment and during 
a 12 hr recovery period 
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Table 7. Root elongation (mm) of Eagle seedlings during A1 treatment (0 and 5 ppm Al) 
Duration of Al treatment (hr) 
^ 1 2 3 4 5 
level —= —% _ — —n 
(ppm) X SD SEM X SD SEM X SD SEM X SD SEM X SD SEM 
0 0.74 0.70 0.12 2,19 0.89 0.15 3.39 0.73 0.12 4.56 0.97 0.16 5.28 1.09 0.18 
5 0.67 0.68 0.11 1.81 0.62 0.10 2.33 0.76 0.13 2.69 0.79 0.13 3.08 0.65 0.11 
Sig. . 
level NS ***** ** 
^Standard deviations (SD) and standard errors of the mean (SEM) were calculated for all 
observations (in 2 experiments) at each Al level during each time interval. 
^Significance levels were determined from an analysis of variance for each time interval; 
NS indicates no significant difference, and * and ** indicate significant differences at the 0.05 
and 0.01 levels, respectively. 
Table 8. Root elongation (mm) of Eagle seedlings during 4 hr recovery following A1 treatment 
(0 and 5 ppm Al) 
Duration of Al treatment (hr) 
itiei — 1 : — g — 2 ^ — 2 
(ppm) X SD® SEM X SD SEM X SD SEM X SD SEM X SD SEM 
0 4.26 1.07 0.18 4.06 0.98 0.16 4.47 0.91 0.15 3.92 0.87 0.15 3.78 0.83 0.14 
5 3.86 0.90 0.15 2.53 1.23 0.21 2.53 0.77 0.13 2.28 0.78 0.13 2.06 0.83 0.14 
Sig. b 
level NS ** ** ** ** 
^'^See Table 7. 
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recovery following this treatment. The inhibiting effects 
of A1 on this cultivar were evident after 2 hr in A1 both 
during the treatment and during the recovery period. Root 
elongation during the treatment period is presented in 
Figure 4. Whereas elongation increased with time in the con­
trol solution it appeared to level off in the A1 treatment. 
Tables 9 and 10 give values for a similar experiment with 
Eagle seedlings in 0 and 1 ppm Al, A persistent difference 
between the treatment and the control could not be seen. 
Tables 11 and 12 show root elongation values during 6 to 10 
hr in 1 ppm Al and during a 4 hr recovery period. Elongation 
was inhibited by Al after 8 hr or more of treatment, but this 
treatment did not significantly reduce elongation during the 
recovery period. 
P Pretreatment Experiments 
Values for root elongation during and after Al treatments 
as affected by level of P (0.5 or 0.005 jnM) in the solutions 
in which seedlings were grown prior to the Al treatments are 
given in Table 13, and an analysis of variance of these data 
is summarized in Table 14. The main effects of P level, Al 
level, and cultivar were highly significant in all three peri­
ods, as was the Al x cultivar interaction. The P x cultivar 
interaction was not significant in any of the periods. The 
P X Al interaction was highly significant for Period 1, the 
first Al treatment period, but was not significant for the 
Figure 4. Root elongation of Eagle seedlings during A1 
treatment 
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Table 9. Root elongation (mm) of Eagle seedlings during A1 treatment (0 and 1 ppm Al) of 1 to 
5 hr 
Duration of Al treatment (hr) 
^ 1 2 3 4 5 
level —2 —2] —2 — —% 
(ppm) X SD® SEM X SD SEN X SD SEM X SD SEM X SE SEM 
0 1.11 0.58 0.14 2.22 0.65 0.15 4.00 0.97 0.23 4.61 0.92 0.22 5.22 0.73 0.17 
1 1.06 0.80 0.19 2.28 0.57 0.14 3.33 0.84 0.20 4.11 1.23 0.29 4.94 0.80 0.19 
Sig. y 
level NS NS * NS NS 
^Standard deviations (SD) and standard errors of the mean (SEM) were calculated for all 
observations at each Al level during each time interval. 
^Significance levels were determined from an analysis of variance for each time interval; 
NS indicates no significant difference and * indicates significant differences at the 0.05 level. 
Table 10. Root elongation (mm) of Eagle seedlings during 4 hr recovery following A1 treatment 
(0 and 1 ppm Al) of 1 to 5 hr 
Duration of A1 treatment (hr) 
Al 
level 
(ppm) 
1 2 3 4 5 
X SD^ SEM X SD SEM X SD SEM X SD SEM X SD SEM 
0 3.78 0.81 0.19 3.56 1.15 0.27 4.22 0.88 0.21 4.39 0.98 0.23 3.78 0.94 0.22 
1 4.06 1.47 0.35 4.00 0.69 0.16 4.06 0.80 0.19 4.56 0.70 0.17 4.28 0.13 0.27 
SiS-^b 
level NS NS NS NS NS 
^'^See Table 9.. 
Table 11. Root elongation (mm) of Eagle seedlings during A1 treatment (0 and 1 ppm Al) of 6 to 
10 hr 
Duration of Al treatment (hr) 
, 6 7 8 9 10 
level — — — — — 
(ppm) X SD SEM X SD SEM X SD SEM X SD SEM X SD SEM 
0 8.50 1.76 0.42 9.11 0.96 0.23 10.94 0.80 0.19 11.47 1.01 0.24 11.00 1.94 0.46 
1 7.78 0.94 0.22 8.50 1.20 0.28 9.06 1.09 0.26 9.72 1.32 0.31 9.59 1.37 0.33 
Sig. 
level NS NS ** ** * 
^Standard deviations (SD) and standard errors of the mean (SEM) were calculated for all 
observations (in 2 experiments) at each Al level during each time interval. 
^Significance levels were determined from an analysis of variance for each time interval; 
NS indicates no significant difference, and * and ** indicate significant differences at the 0.05 
and 0.01 levels, respectively. 
Table 12. Root elongation (mm) of Eagle seedlings during 4 hr recovery following A1 treatment 
(0 and 1 ppm Al) of 6 to 10 hr 
Duration of A1 treatment (hr) 
(ppm) X SD® SEM X SD SEM X SD SEM X SD SEM X SD SEM 
0 2.83 1 .15 0. 27 3.56 0.98 0. 23 3.00 0. 00
 
0. 20 3.29 0 .69 0. 17 3.17 0. 71 0. 17 
1 2.67 0 .69 0. 16 3.28 0.67 0. 16 3.06 0. 90 0. 22 3.11 0 .83 0. 20 2.76 1. 09 0. 26 
Sig. b 
level NS NS NS NS NS 
^'^See Table 11. 
Table 13. Root elongation (mm) of seedlings pretreated for 48 hr with two levels 
of P 
P Al Per iod 1^ Period 2 Period 3 
level level •h (nM) (ppm) Cultivar X SD SEM X SD SEM X SD SEM 
0.5 0 Atlas 66 35.5 2.8 0.6 63.8 5.9 1.3 26.3 6.2 1.6 
Eagle 31.2 2.4 0.5 59.1 7.7 1.7 25.2 6.0 1.3 
1 Atlas 66 38.2 2.8 0.6 67.9 7.9 0.7 24.o 7.6 1.7 
Eagle 17.7 3.3 0.7 20.6 3.0 0.7 15.3 5.1 1.1 
0.005 0 Atlas 66 38.0 3.6 0.8 70.3 5.4 1.2 30.8 9.9 2.2 
Eagle 35.7 1.8 0.4 63.6 7.5 1.6 33.8 6.3 1.4 
1 Atlas 66 37.0 3.4 0.7 71.6 8.3 1.8 30.9 5.4 1.2 
Eagle 17.6 2.7 0.6 21.5 2.6 0.6 14.2 3.9 0.9 
^Period 1 is 24 hr in A1 solutions. Period 2 is 48 hr in Al, and Period 3 is 
a 48 hr Al treatment following 72 hr in the same high or low P solutions used 
initially, 
^Standard deviations (SD) êuid standard errors of the mean (SEM) were calcu­
lated for all observations at each Al level during each time interval. 
Table 14. Sources of variation* mean squares, and F values from an analysis of 
variance of root elongation values in Table 13 
Source of variation 
Peric)d_l Period 2 Period 3 
Mean 
square F value^ 
Mean 
square F value 
Mean 
square F value 
P level 85.7 
H
 
O
 
Î 
*4 644.3 15.8 * *  993.0 23.3 ** 
A1 level 2347.5 276.9 * *  14840.7 364.5 * *  2559.7 62.7 **  
Cultivar 5693.4 671.6 * *  31133.2 764.6 ** 1479.2 34.8 ** 
P X A1 184.4 21.8 * *  108.5 2.7 NS 28.1 0.7 NS 
P X cultivar 25.9 3.1 NS 63.2 1.6 NS 0 0 NS 
A1 X cultivar 2933.4 346.0 * *  19436.0 477.4 A* 1947.0 45.7 * *  
P X A1 X cultivar 1.9 0.2 NS 1.3 0 NS 468.9 
o
 
H
 
H
 ** 
Error 8.5 — 40.7 — 42.6 — 
^NS following F value indicates nonsignificant effect while ** indicates sig­
nificance at the 0,01 level. 
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other periods. The interaction of greatest interest, the 
three-way interaction of P x A1 x cultivar, was significant 
only during the last A1 treatment. Period 3. During this 
treatment, the Atlas 66 and Eagle A1 controls and the Atlas 
66 seedlings receiving 1 ppm À1 had greater mean elongation 
values if they had previously received the lower P level 
than if they were grown in 0.5 mM P. On the other hand, the 
Eagle seedlings receiving the lower P treatment were somewhat 
more inhibited by 1 ppm A1 than were those grown at the higher 
P level. 
Table 15 shows the results of a second experiment in 
which plants were grown in two levels of P (0 and 0,5 in^) for 
10 days prior to a 24 hr A1 treatment. Root elongation values 
are much lower than in previous tables since the plants were 
considerably older in this experiment. The two cultivars 
appear less evenly matched with respect to root elongation in 
A1 control solutions at this time, with Eagle the more vigor­
ous cultivar. Nevertheless, the susceptibility of Eagle to 
A1 is still apparent in both P regimes. Table 16 summarizes 
an analysis of variance of these data. The main effects of 
A1 level and P level were highly significant; in general, the 
seedlings grew better without added P than with 0.5 P. 
The A1 X cultivar interaction was highly significant, and 
the P X A1 X cultivar interaction was significant. In the 
high P group, 1 ppm A1 slightly depressed elongation of 
Atlas 66 seedlings relative to the control, whereas in the 
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Table 15. Root elongation (mm) during 24 hr A1 treatment; 
seedlings were pretreated for 10 days with two 
levels of P 
P Al 
(l#) (ppm) Cultivar X SD^ SEM 
0.5 0 Atlas 66 11.7 4.6 1.1 
Eagle 14.5 2.1 0.5 
1 Atlas 66 10.5 3.2 0.8 
Eagle 8.6 1.8 0.4 
0 0 Atlas 66 13.6 4 .8  1.1 
Eagle 18.0 2 .3  0.5 
1 Atlas 66 15.4 4.7 1.1 
Eagle 9.7 1.9 0.4 
^SD = standard deviation; SEN = standard error of the 
mean. 
absence of added P, the A1 treatment stimulated elongation 
somewhat. Elongation of Eagle roots was inhibited by added 
P in both Àl-treated and control seedlings. 
Auxin Experiments 
Tables 17 and 18 show the results of two experiments in 
which lAA was included in the recovery solution of Eagle 
seedlings previously treated with 1 ppm Al. 3 x 10 ® and 
3 X lO"^ M lAA (Table 17) were inhibitory to root elongation 
in both Al-treated and 0 Al seedlings. Inhibition increased 
with increasing lAA concentration for the 0 Al seedlings, 
whereas 3 x 10 ^  M lAA was not so inhibitory to the Al-treated 
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Table 16. Sources of variation, mean squares, and F values 
from the analysis of variance of root elongation 
values in Table 15 
Source of variation Mean squares F value^ 
P level 306.3 26.7 ** 
A1 level 483.9 42.2 ** 
Cultivar 0.1 0 NS 
P X A1 1.8 0.2 NS 
P X cultivar 11.0 1.0 NS 
A1 X cultivar 543.1 47.3 ** 
P X A1 X cultivar 74.6 6.5 * 
Error 11.5 — 
NS following F value indicates nonsignificant effect 
while * and ** indicate significance at the 0.05 and 0,01 
levels, respectively. 
roots as was 3 x lO ^ M lAA. On the other hand. 3 x 10 
and 3 x 10 ^  M lAA (Table 18) had stimulatory effects on 
elongation of Al-treated and 0 A1 roots. The pattern of 
response of Al-treated and A1 control roots to the two lAA 
levels was different as in the previous experiment. Whereas 
3 X 10 ^  M IÂÂ slightly stimulated 0 A1 roots relative to 
3 X 10 M lAA, the response of Al-treated roots to the two 
lAA levels was virtually identical. Analyses of variance of 
the data in Tables 17 and 18 showed significant main effects 
of A1 and lAA levels and a significant A1 x lAA interaction. 
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Table 17. Root elongation (mm) of Eagle seedlings during 24 
hr in solutions containing lAA; seedlings were 
pretreated with 0 or 1 ppm A1 for 12 hr prior to 
lAA treatment 
A1 level 
(ppm) 
lAA level 
(m) SD' SEM 
3 X 10 
3 X 10 
— 8 
-7 
13.8 
8.0 
4.2 
2,6 
1.3 
0.7 
1.1 
0.5 
0.3 
3 X 10 
3 X 10 
- 8  
"7 
4.9 
2.0 
2.7 
1.3 
2.0 
1.2 
0.4 
0.7 
0.4 
SD = standard deviation; SEM = standard error of the 
mean. 
Table 18. Root elongation of Eagle seedlings during 24 hr 
in solutions containing lAA; seedlings were pre­
treated with 0 or 1 ppm A1 for 12 hr prior to IAÀ 
treatment 
(ppm) (m) X SD" SEM 
0 
-11 
3 X 10 --
3 X 10 -9 
15,2 
19.2 
20.5 
2.7 
1.0 
1.4 
1.1  
0.4 
0 .6  
3 X 10 
3 X 10 
•11 
-9 
4.6 
6.3 
6.2 
0 = 5 
1.0 
1.2 
0.2 
0.3 
0,4 
*See Table 17. 
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P Incorporation into DNA 
The results of two experiments in which the effect of 
32 A1 pretreatment on P incorporation into a DNA fraction was 
examined are presented in Table 19® The rather complex pro­
cedure for DNA isolation used in these experiments resulted 
in poor yields and in both experiments some samples were 
lost entirely. When both experiments are considered together, 
it appears that 12 hr pretreatment with 5 ppm A1 had an in-
32 hibitory effect on subsequent incorporation of P from the 
external solution into DNA in both cultivars, with the more 
pronounced inhibition in Eagle. 
^ Incorporation into DNA: Labelling After 
A1 Treatment 
In subsequent experiments a simpler procedure for DNA 
isolation was used, and &-thymidine, a DNA precursor, was 
used. Table 20 shows the effects of various lengths of 5 ppm 
Al pretreatment on the incorporation of ^  from ^-thymidine 
in the external medium into the DNA fraction. After 2 hr Al 
treatment there was a slight inhibition in both cultivars 
when Al-treated seedlings were compared with the controls; 
the degree of inhibition was essentially the same for both 
cultivars. The degree of inhibition of & incorporation into 
DNA was fairly consistent for Atlas 66 after all times of Al 
pretreatment. The data for Atlas 56 fit the regression 
71 
32 
Table 19. Incorporation of P into DNA fraction of Eagle 
roots; plants were previously exposed to 5 ppm 
A1 or control solutions for 12 hr and were 
labelled with 32p 4 hr 
Cultivar 
A1 
pretreatment 
(ppm) 
Specific 
activity^ 
Relative 
specific, 
activity 
Percent 
of 
control 
Experiment 1 
Atlas 66 0 2050 0.7204 -
5 1464 0.5145 71.4 
Eagle 0 1933 0.6791 -
5 (sample was lost) 
Experiment 2 
Atlas 66 0 
5 (samples were lost) 
Eagle 0 10066 0.5049 — 
5 5064 0.2540 50.3 
^Specific activity = cpm/jig DNA-P. 
^Relative specific activity = specific activity/cpm of 
labelling solution aliquot* 
equation Y = 89 + 0,05X, where Y = relative specific activity 
of Al-treated seedlings as a percent of the control, and X = 
duration of A1 pretreatment in hours. The R for the correla­
tion of Y with X was 0,005, and the F value for the model 
(0.04) was nonsignificant, indicating that the inhibition of 
% incorporation into DNA in this cultivar was not a function 
of the duration of the A1 pretreatment. In Eagle, however, 
the degree of inhibition increased with the duration of A1 
Table 20. ^ incorporation from ^-thymidine into DNA fractions of roots pre-
treated with Al; exposure to %-thymidine was for 4 hr 
Duration 
of A1 pre-
treatment 
(hr) 
A1 
level 
(ppm) Cultivar 
Specific 
activity^ 
Relative 
specific, 
activity 
Percent 
of 
control 
2 0 Atlas 
Eagle 
66 31.12 
29.32 
15.32 
14.42 
-
5 Atlas 
Eagle 
66 28.91 
27.59 
14.16 
13.50 
92.4 
93.6 
0.97 
4 0 Atlas 
Eagle 
66 30.17 
31.30 
14.41 
14.91 __ 
5 Atlas 
Eagle 
66 27.36 
20.96 
13.06 
9.96 
90.6 
66.8 
0.06 
6 0 Atlas 
Eagle 
66 30.26 
26.06 
15.16 
13.04 
-
5 Atlas 
Eagle 
66 27.50 
12.40 
13.76 
6.21 
90.8 
47.6 
^Specific activity = *^P^^260nm* 
^Relative specific activity = 10^ x specific activity/cpm of labelling solu­
tion aliqrioto 
^ is the probability of a greater F value from an analysis of variance of 
these data. 
Table 20, (Continued) 
Duration 
of Al pre- Al 
treatment level 
(hr) (ppm) Cultivar 
Specific 
activity 
Relative 
specific 
activity 
Percent 
of 
control 
8 0 Atlas 66 34.63 16.52 — 
Eagle 28.71 13.70 — 
5 Atlas 66 30.73 14,66 88.7 
Eagle 11.46 5.47 39.9 
12 0 Atlas 66 106.62 24.41 — 
Eagle 75.79 17.36 -
5 Atlas 66 81.46 18.65 76.4 
Eagle 27.17 6.22 35.8 
48 0 Atlas 66 23.17 16.59 _ 
Eagle 31.12 22.28 — 
5 Atlas 66 21.71 15.54 93.7 
Eagle 8.07 5.78 25.9 
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prstrsatment. The data points for this cultivar are also 
given in Figure 5, These data were fitted to the model 
Y = 100,1 - 7,9X + 0,13X^ with a of 0.79 and a significant 
F value of 9.25. 
^ Incorporation into DNAt Labelling Before 
A1 Treatment 
In the next set of experiments, seedlings were incubated 
with &-thymidine prior to A1 treatment, and the effects of 
the subsequent treatment with A1 on incorporation of label 
into DNA were examined (Table 21). There was no significant 
difference between Atlas 66 and Eagle when the values for Al-
treated seedlings (as percent of control for each cultivar) 
were compared for 2 or for 4 hr A1 treatments. There was no 
appreciable increase in the relative specific activity values 
for the 4 hr post-labelling A1 treatment as compared with the 
2 hr treatments 
Thymidine Uptakes Whole Roots 
Tables 22 and 23 show the results of experiments in 
which ^-thymidine contents of whole roots of the two culti-
q 
vars were determined when "Ti-thymidine labelling followed A1 
pretreatment. This procedure was similar to that used for 
^ incorporation into DNA except that in this case the effects 
of A1 on subsequent ^-thymidine uptake were examined. Table 
23 gives the results for Atlas 66. There was no significant 
Figure 5. incorporation of ^  from H-thymidine into DNA following A1 pre-
treatment; the values predicted by linear regression for Atlas 66, 
as well as the observed values for Atlas 66 and Eagle, are given 
-a— 
Atlas 66 
# Observed 
O Predicted 
Eagle 
A Observed 
•8 -Q O O 
i 
6 8 12 
DURATION OF A1 PRETREATMENT (HR) 
48 
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Table 21, ^ incorporation from H-thymidine into DNA frac­
tions of roots; plants were labelled with %-
thymidine for 2 hr and subsequently treated with 
A1 
Duration 
of A1 
treatment 
(hr) 
A1 
level 
(ppm) Cultivar 
Specific 
activity^ 
Relative 
specific, 
activity 
Percent 
of con-
troic 
2 0 Atlas 
Eagle 
66 24.92 
25.26 
18.18 
18.64 
-
5 Atlas 
Eagle 
65 27.48 
26.66 
20.26 
19.68 
4 0 Atlas 
Eagle 
66 28.48 
30.48 
19.86 
21.25 
5 Atlas 
Eagle 
66 28.93 
34.20 
20.26 
24.10 -
^Specific activity = cpm/Ag^Q^. 
Relative specific activity = 10 x specific activity/ 
spm of labelling solution aliquot. 
^NS following a pair of values indicates no statistical­
ly significant difference. 
difference between Al-treated and control seedlings after 2 
or 4 hr A1 treatment, but there was some difference at 6 and 
12 hr. The data were fitted to the following regression 
equationI Y = 103.1 - 2.3X, where Y = the relative specific 
activity of Al-treated seedlings, as percent of control, and 
2 X = duration of A1 treatment in hours. The R value was 0.35, 
and the F value (3.17) was nonsignificant. 
The results for Eagle are shown in Table 23, There was 
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Table 22, ^ content of whole roots of Al pretreated Atlas 
66 seedlings; plants were incubated in %-
thymidine for 4 hr after A1 pretreatment and were 
washed 30 min in unlabelled nutrient solution 
prior to harvest 
Duration 
of A1 pre­
treatment 
(hr) 
A1 
level 
(ppm) 
Specific 
activity 
Relative Percent 
of 
control 
2 0 
5 
65242 
58589 ::: MS 89.8 
4 0 48636 
54612 36:1° NS 112,3 
6 0 
5 
64867 
51580 
41,21 * 
32.77 79,5 
12 0 
5 
50798 
38520 
33.38 ** 
25,31 75,8 
^Specific activity = cpm/g fresh wt. 
^Relative specific activity = specific activity/cpm 
labelling solution aliquot. 
^NS following a pair of values indicates no significant 
difference, while * and ** indicate significant differences 
at the 0.05 and O.Ol levels, respectively. 
no significant difference between Al-treated and control 
seedlings after any A1 treatment. Figure 6 shows the mean 
observed values and the regression line to which these values 
were fitted. The correlation between the specific activity 
q 
of H in these roots and the duration of A1 pretreatment 
is quite low (R^ = 0,02) and the F value (0.26) is non­
significant. 
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Table 23. hî content of whole roots of Al pretreated Eagle 
seedlings; plants were incubated in %-thymidine 
for 4 hr after A1 pretreatment and were washed 30 
min in unlabelled nutrient solution prior to 
harvest 
Duration 
of A1 pre­
treatment 
(hr) 
A1 
level 
(ppm) 
Specific 
activity 
Relative 
specific, 
activity * 
Percent 
of 
control 
2 0 
5 
129592 
114780 6?;6? ® 88.4 
4 0 
5 
118788 
99973 IVot ^  85.1 
6 0 
5 
78186 
62996 tl:lt ® 80.6 
12 0 
5 
66560 
60856 NS 91.4 
^'^See Table 22. 
^NS following a pair of values indicates that they were 
not significantly different. 
Thymidine Uptake: Root Tips 
Tables 24 and 25 give the results of another set of 
experiments in which ^H-thymidine contents of Eagle roots 
were examined when ^-thymidine was administered to the roots 
after A1 treatment. The procedure differed from that previ­
ously used in that the roots were washed with an excess of 
unlabelled thymidine prior to harvest and that the root tips 
(ca, 5 mm) were analyzed separately from the rest of the 
Figure 6, Linear regression model for the effect of A1 
pretreatment on % specific activity of whole 
roots of Eagle; mean observed values are repre­
sented by black circles 
SPECIFIC ACTIVITY (% OF CONTROL) 
ê § § § 
82 
Table 24. ^ content of ca, 5 mm root tip segments of Eagle 
roots pretreated with Al solutions; plants were 
incubated for 4 hr in solutions containing %-
thymidine after Al treatment, and were washed in 
unlabelled nutrient solution containing thymidine 
for 30 min prior to harvest 
Duration 
of A1 pre­
treatment 
(hr) 
A1 
level 
(ppm) 
Specific 
activity 
Relative 
specific, 
activity ' 
Percent 
of 
control 
4 0 
5 
325018 
251323 
141.50 ** 
109.51 77.3 
6 0 
5 
237394 
186080 
129.16 * 
101.24 78.4 
12 0 
6 
237635 
190972 
113.81 ** 
91.46 80,4 
B'^see Table 22. 
and ** following pairs of numbers indicate signifi­
cant differences at the 0,05 and 0.01 levels, respectively. 
roots= For both root tips (Table 24) and the remaining root 
material there were significant differences between Al-
treated and control seedlings after all times of A1 pre­
treatment. Figures 7 and 8 give the regression lines for 
specific activity values of Al-treated roots (as percent of 
control) as a function of duration of A1 pretreatment. For 
the root tips (Figure 7), the correlation is quite low 
(R^ = 0.06) and the F value (0.45) is nonsignificant. For 
the rest of the root material (Figure 8), the R is higher, 
but the F value is still nonsignificant, indicating a poor 
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Table 25. ^ content of root material remaining after re­
moval of ca, 5 mm root tips (see Table 24) 
Duration 
of A1 pre­
treatment 
(hr) 
A1 
level 
(ppm) 
Specific 
Specific 
activity 
Relative 
specific, 
activity * 
Percent 
of 
control 
4 0 
5 
155529 
128738 
67.77 ** 
56.09 82.8 
6 0 
5 
117314 
73483 
63.83 ** 
39.98 62.6 
12 0 
5 
102956 
68235 
49.31 * 
32.68 66.3 
Table 24. 
fit of these values to a linear model with duration of A1 
pretreatment as the independent variable. 
The ratios of specific activities in the tips to those 
in the rest of tlie root are shown in Table 25, This ratio 
was significantly greater for Al-treated as compared with 
control roots after 12 hr A1 treatment. The difference at 6 
hr was not statistically significant. 
Mitotic Figures 
The effects of short-term exposures to A1 on the occur­
rence of mitotic figures in the root meristem are given in 
Table 27. Cells in anaphase through telophase were countedi 
prophase cells were difficult to accurately determine in these 
Figure 7, Linear regression model for the effect of A1 
pretreatment on % specific activity of Eagle 
root tips; mean observed values are represented 
by black circles 
SPECIFIC ACTIVITY (% OF CONTROL) 
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Figure 8. Linear regression model for the effect of A1 
pretreatment on % specific activity of Eagle 
roots after removal of tips; mean observed values 
are represented by black circles 
SPECIFIC ACTIVITY (% OF CONTROL) 
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Table 26. Ratios of H specific activities in root tips to 
specific activities in remaining root material 
for Eagle (see Tables 24 and 25) 
Duration 
of A1 pre-
treatment 
(hr) 
A1 
level 
(ppm) 
Tip 
Rest of root 
Percent 
of 
control 
4 0 
5 i:%6 "s 93.8 
6 0 
5 123.4 
12 0 
5 
2.33 * 
2.80 120.2 
NS following pairs of values indicates that they were 
not significantly different, while * indicates difference 
at the 0.05 level. 
slides, so this stage was omitted. There were significant 
differences between Al-treated and control seedlings after 
2 and 4 hr A1 treatment but not after 1 or 6 hr treatment» 
A1 Contents of Roots 
Table 28 gives the A1 contents of whole roots of Atlas 
66 and Eagle treated with 5 ppm À1 for 0 to 12 hr. The 
only significant difference between cultivars was at 2 hr, 
when the A1 content of Atlas 66 roots exceeded that of Eagle. 
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Table 27. Mitotic figures per high power field 
roots treated with A1 solutions 
for Eagle 
Duration of 
A1 treatment 
(hr) 
A1 
level 
(ppm) 
Mitotic 
figures 
per field 
1 0 
5 si v N S  
2 0 
5 
5.6 . 
4.1 
4 0 
5 ::: " 
6 0 
5 1:1-
NS following pairs of numbers indicates that they were 
not significantly different, while * and ** indicate differ­
ences at the 0.05 and 0,01 levels, respectively. 
Hematoxylin Staining of Al-Treated Roots 
Hematoxylin staining of roots following 2 to 12 hr of 5 ppm 
A1 treatment is shown in Figure 9. Differential staining of 
the extreme root tip was evident at 2 hr with Eagle root 
tips stained by the dye while Atlas 66 root tips were scarcely 
stained. The length of the stained portion increased with 
duration of A1 treatment for Eagle while little staining was 
detectable on Atlas 66 roots after 12 hr A1 treatment. 
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Table 28, Al contents of Atlas 66 and Eagle seedlings 
treated with 5 ppm Al 
Duration of 
A1 treatment 
(hr) Cultivar 
|ig A1 
g dry wt® 
0 Atlas 
Eagle 
66 II NS 
2 Atlas 
Eagle 
66 328 . 
211 
4 Atlas 
Eagle 
66 
6 Atlas 
Eagle 
66 
437 MS 
12 Atlas 
Eagle 
66 
%0 MS 
NS following pairs of values indicates that they were 
not significantly different, while * indicates difference at 
the 0,05 level. 
14-
Leakage of " "C-Sucross 
The values representing leakage of from roots of 
seedlings incubated in ^^t=sucrose and then placed in A1 
solutions are given in Table 29, For both cultivars the 
values for Al-treated seedlings are near 100% of control 
except during the first 15 min of A1 treatment « An analysis 
of variance for each time interval showed that the main 
effects of A1 level and cultivar as well as the A1 x cultivar 
interaction were nonsignificant. 
Figure 9, Hematoxylin staining of root tips after À1 
treatment 
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Table 29. C leakage (cpin/75 seedlings) from roots during Al treatment; seedling 
roots were incubated for 4 hr in nutrient solution containing 
sucrose prior to A1 treatment 
A1 Time from beginning of A1 treatment (min) 
Cultivar level 15 30 45 60 75 90 105 120 150 180 
Atlas 66 0 368 398 456 488 517 535 528 630 634 608 
5 274 397 427 461 510 529 542 588 643 678 
(Percent of 
control) 71.0 99.7 93.6 94.5 98.6 98.9 102.7 93.3 101.4 111.5 
Eagle 0 442 470 480 521 532 543 563 612 594 650 
5 386 506 490 522 522 553 595 626 644 640 
(Percent of 
control) 87.3 107.7 102.1 100.2 98.1 101.8 105.7 102.3 108.4 98.5 
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Leakage of Neutral Red 
Table 30 gives the results of three experiments in which 
the leakage of neutral red from roots during A1 treatment was 
determined. The absorbance values differ greatly from experi­
ment to experiment because different procedures were used. 
In experiment 1, Al-treated Eagle roots had a consistently 
greater leakage of dye when compared with the control than 
did Atlas 66 roots. Analyses of variance for each of the time 
periods of A1 treatment gave similar results, with a signifi­
cant effect of cultivar, but nonsignificant effects of A1 
and of A1 x cultivar. In experiments 2 and 3, differences 
between cultivars were small. In the ANOVAs for these experi­
ments, both main effects were statistically significant al­
though the interaction was not. 
Leakage of Electrolytes 
Table 31 gives the results of three experiments in which 
leakage of electrolytes from roots following A1 treatment was 
examined. There was a slight increase in leakage of electro­
lytes from Al-treated Eagle roots (as percent of control) as 
compared with Atlas 66 in the first two experiments in which 
excised roots were used, but there was no difference in the 
third experiment in which intact roots were used. Analyses of 
variance for these experiments showed that neither A1 level, 
cultivar, nor A1 x cultivar were statistically significant. 
Table 30. Leakage of neutral red from excised roots during A1 treatment 
Duration of_ A1 treatment (hr) 
A1 
level 
(ppm) 
0.5 1 2 
Experiment Cultivar A^ 
% of 
control A 
% of 
control A 
% of 
control 
1 Atlas 65 0 
5 
122 
99 81.1 
57 
55 103.6 
55 
47 85.5 
Eagle 0 
5 
53 
56 105.7 
22 
30 136.4 
25 
32 128.0 
2 Atlas 66 0 
5 -
- 823 
641 77.9 -
Eagle 0 
5 — 
685 
557 81.3 — 
3 Atlas 66 0 
5 
- 371 
424 114.3 
-
Eagle 0 
5 
- 311 
348 111.9 
-
^Absorbance (500 nm) of treatment solution. 
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Table 31. Leakage of electrolytes from roots following A1 
treatment; excised roots were used in experiments 
1 and 2, while intact seedlings were used in 
experiment 3 
Duration Specific 
of A1 A1 A1 conductivity Percent 
Experi­ treatment level ((Afflho/g of 
ment (hr) Cultivar (ppm) fresh wt) control 
1 2 Atlas 66 0 128.9 
5 124.0 96.2 
Eagle 0 138.1 -
5 147.9 107.1 
2 1 Atlas 66 0 107.7 «. 
5 100,8 93.6 
Eagle 0 109.1 — 
5 118.3 108.4 
2 2 Atlas 66 0 303.6 — 
5 291.7 96.1 
Eagle 0 351.6 — 
5 340.3 96.8 
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DISCUSSION 
Differential tolerance of Atlas 56 and Eagle seedlings 
to a 48 hr A1 treatment was clear at the lowest level of 
added Al, 0.5 ppm (Table 1), Even at 50 ppm A1 the two 
cultivars were distinguishable, especially during the recovery 
period, when Atlas 66 was able to resume elongation whereas 
Eagle could not. Atlas 66 was not absolutely tolerant to Al, 
but required higher concentrations of Al for damage to occur 
than did Eagle. Atlas 66 was inhibited to a similar degree 
as was Eagle by 125 ppm added Al (Table 4). The irreversible 
damage to Atlas 66 by 125 ppm Al is consistent with a report 
by Moore et al. (1976) that Atlas 66 was irreversibly in­
hibited by 120 to 135 ppm Al in growing conditions similar 
to those used here. 
Clarkson (1969) found that Al damage to onion roots was 
irreversible at some Al levels. He could not get regrowth of 
roots exposed to 2 x 10 ^  # Al for 6 to 8 hr. Within the 
range of Al levels in the experiments reported here it can 
be seen that recovery growth was possible after some Al 
treatments but was severely inhibited after other higher ones, 
and that the Al levels producing inhibition were different 
for the cultivars. For example. Eagle seedlings made a sub­
stantial recovery after the 1 ppm Al treatment but were essen­
tially unable to recovery from the 5 ppm treatment. Recovery 
elongation of Atlas 66 after 10 ppm Al treatment was 
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essentially the same as in the control, even though there 
was inhibition of root elongation during the A1 treatment. 
Moore et al. (1976) suggested using the presence or ab­
sence of recovery growth following an appropriate 48 hr A1 
"insult" as a simple procedure whereby a wheat breeder could 
screen large numbers of genotypes for relative A1 tolerance. 
They proposed that cultivars of known tolerance be used as 
reference cultivars. The most susceptible of their four 
reference cultivars was 'Brevor*, which was irreversibly in­
hibited by 48 hr of 6 ppm A1 treatment under growth condi­
tions similar to those used in the screening experiments re­
ported in this dissertation. Tables 2 and 4 show that Eagle 
was irreversibly inhibited by A1 at 5 ppm Al, with the lower 
limit for irreversible inhibition above 1 ppm but possibly 
below 5 ppm. Hence, Eagle was even slightly more susceptible 
to Al than was the most susceptible genotype reported by 
Moore et al. (1975), 
Hackett (1952) reported that 5 ppm Al increased root (but 
not shoot) fresh weight of seedlings of four forage species 
and that both root and shoot fresh weight of 6 week old 
Deschamnsia f lexuosa plants were stimulated by 2 and 5 ppm 
Al, with the effect being greatest for shoots. From Table 1 
it appears as though 0.5 and 5 ppm Al may have, to a small 
degree,stimulated recovery elongation of Atlas 56 roots. 
However, there was some inhibition by 1 ppm Al (Table 4), so 
it cannot be concluded from these experiments that stimulation 
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of root elongation by these A1 levels occurred. Root weights 
for Atlas 66 were somewhat increased by 0.5 ppm A1 but were 
depressed by 1 ppm Al, relative to the controls (Tables 3 and 
5). Shoot weights for this cultivar were apparently increased 
by 0.5, 1, and 5 ppm, indicating possible stimulation to 
shoot growth of this cultivar by low Al levels. 
Kerridge et al. (1971) found that measurement of the in­
crease in root dry weight during 10 days in nutrient solutions 
containing Al was a less sensitive screening technique than 
was measurement of root elongation. The weights reported in 
Tables 3 and 5 of this dissertation were for seedlings har­
vested after the recovery period; only part of their growth 
had been under the influence of Al since they were 3 days old 
prior to Al treatment. Thus, the measurement of total dry 
weight would not be expected to be as sensitive as measurement 
of elongation in Al treatments in differentiating the culti­
var s , and it was not. Nevertheless, the greater suscepti­
bility of Eagle was clearly evident at 5 ppm when dry weight 
values were compared (Table 3). Increasing levels of Al 
appeared to decrease the root/shoot dry weight ratio; this 
is consistent with reports in the literature that the primary 
site of Al injury is the root (Clarkson, 1969), 
Tables 2 through 5 show another important point which 
should be mentioned. If the root elongation and dry weight 
values for the controls from the two series are compared, it 
can be seen that variability existed between experiments. 
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Indeed, the analysis of variance for the data in Table 2, 
which involved 3 replicates of the experiment over time, 
showed that the "experiment" variable was highly significant 
even though in general the trends were the same. Small but 
statistically significant differences such as the difference 
between the recovery values for Atlas 66 at 0 and 1 ppm A1 in 
Table 4 should be interpreted cautiously as many replications 
of the entire experiment might be necessary to clearly estab­
lish or disprove this difference. 
Attempts were made to minimize experiment to eijqperiment 
variation by controlling such factors.as temperature and 
irradiance in the growth chamber and pH of the nutrient solu­
tions. There was not "quantitative" control of aeration of 
the nutrient solutions although care was taken to control 
variation in a "qualitative" manner. Humidity, CO2 concentra­
tion, etc. in the growth room were not controlled. Variability 
between experiments might have been minimized if many indi­
vidual containers of nutrient solution with one or a few 
seedlings per container had been used instead of one or a few 
large containers per treatment, but this less convenient pro­
cedure was not used. 
It is also of interest to note that the standard devia­
tions for elongation in Atlas 66 are generally larger than 
for Eagle in the controls as well as in the A1 treatments. 
This suggests that Atlas 66 represents a more variable popula­
tion with respect to root elongation rate than does Eagle. 
101 
From the results of the screening experiments it appeared 
that 5 ppm A1 was an appropriate concentration to use in 
separating the two cultivars since it severely inhibited 
Eagle while scarcely affecting Atlas 56, It was of interest 
to determine the time interval necessary for separating the 
responses of the two cultivars. Table 5 shows that Al-treated 
Eagle could be distinguished from its control or from Atlas 
66 by 4 hr. By 6 hr the elongation curve for Al-treated 
Eagle was almost level (Figure 3), Al-treated Atlas 66 roots 
showed a slight but statistically significant depression com­
pared to control roots after the first 4 hr of A1 treatment 
and during the recovery period, but the effect was not con­
sistent throughout the A1 treatment period and may have been 
an artifact. 
Careful root length measurements showed that 5 ppm A1 
significantly inhibited Eagle root elongation after 2 hr of 
treatment (Table 7). The slope of the elongation curve for 
the Al-treated seedlings was clearly less than that for the 
controls, and the curve for the controls was more nearly 
linear (Figure 4). The inhibitory effect of A1 after 2 or 
more hr A1 treatment was still evident during a 4 hr recovery 
period. There is little information in the literature related 
to such short-term effects of Al. Lance and Pearson (1969) 
found that 1 hr exposure of cotton roots to 0.3 ppm Al caused 
measurable reductions in root weight and Ca tçjtake. Clarkson 
(1965a) found no difference in elongation rates of onion roots 
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treated with 2 x 10 ^ M to 2 x 10 ^  M Al for 2 hr but found 
some reduction after 4 hr. 
Consistent statistically significant inhibition of Eagle 
root elongation during 1 ppm A1 treatment required 8 hr 
(Tables 9 and 11). A significant effect on recovery elonga­
tion was not seen after 10 hr of this A1 treatment (Tables 
10 and 12). Apparently a 1 ppm A1 treatment for 8 to 10 hr 
represented an A1 dose which inhibited root elongation during 
the treatment period without affecting the ability of the root 
to elongate when external A1 was removed. This is analogous 
to the effect of a 48 hr treatment with 10 ppm A1 on Atlas 66 
(Table 4). 
The nature of the interaction between A1 and P at the 
site of the plant root has been much discussed in the litera­
ture. It has been proposed, e.g., by Clarkson (1966), that 
Al-P interactions occur outside the cell. There is evidence, 
however, that A1 associates with P within cells as well as 
outside (Randall and Vose, 1953j Andrew and Vanden Berg, 1973; 
McCormick and Borden, 1974; Keser et al., 1975). 
It was hypothesized that seedlings grown with different 
levels of P added to the nutrient solution prior to A1 treat­
ment might show different responses to a sublethal A1 insult. 
There were no reports in the literature of experiments in 
which this aspect of the Al-P interaction had been examined. 
Tables 13 and 15 give the results of two experiment's designed 
to test this hypothesis. Both experiments unexpectedly 
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revealed that root elongation could be slightly stimulated 
by low levels of P as compared with the level routinely used 
in the nutrient solutions. The plants were not analyzed for 
P, but there were no apparent signs of P deficiency in any 
plants, not even in seedlings grown for 10 days without added 
P. There were probably traces of P in the nutrient solution 
from impurities in chemicals, and the seed reserves (which 
remained on the seedlings for several days until they could be 
removed without damage to the seedlings) were presumably a 
source of P. 
The data from these experiments were nevertheless analyzed 
(Tables 14 and 15), For Period 1 of the first experiment 
(Table 13) the A1 x P interaction was highly significant al­
though the A1 X P X cultivar interaction was not. Both culti-
vars had slightly better root elongation for the hi controls 
from low P pretreatments than in high P whereas the Al-treated 
seedlings from low P pretreatments did slightly worse (Atlas 
55) or about the same (Eagle) as compared with high P plants. 
During Period 3, the last A1 treatment period, the A1 x P x 
cultivar interaction was significant. In this case Eagle 
seedlings from the low P pretreatment fared more poorly than 
those from high P while the opposite was true for Atlas 66, 
For the second experiment (Tables 15 and 16), the 3-way 
interaction of P x A1 x cultivar was highly significant. 
Atlas 66 seedlings from the high P pretreatment did slightly 
poorer in A1 than did those grown in the absence of added P. 
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Elongation of Eagle seedlings was inhibited by A1 regard­
less of P pretreatment but the effect was more extreme for 
plants which had been grown without added P than for those 
in the high P group when the elongation of Al-treated plants 
were compared to the controls in each P pretreatment group. 
The data from Period 3 of the first experiment and from 
the second experiment suggest that for Eagle the effect of A1 
may be influenced to a small extent by the P pretreatment al­
though this is far from clear. Apparently high P pretreatment 
had no substantial effect on subsequent damage by Al. 
The involvement of plant hormones in Al toxicity has not 
been discussed in the literature. The stimulatory effect of 
some levels of auxin on cell elongation in roots (Scott, 1972) 
as well as the rapid response of root elongation to Al (Table 
7) suggested that this hormone might be involved in the re­
sponse of the root to Al. Davidson et al. (1965) reported 
an ÏÀA-induced stimulation of recovery of root elongation in 
roots of Vicia faba seedlings previously treated with 
colchicine. As part of the exploratory work reported in this 
paper, two simple experiments were done to gain insight into 
possible effe s of lAA on recovery of Eagle seedlings from 
exposure to sublethal Al treatment (Tables 17 and 18). At 
none of the lAA levels tested did this substance markedly aid 
in the recovery from Al treatment. The Al x lAA interaction 
was significant for both experiments because the pattern of 
response of the Al-treated seedlings was different than that 
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of the Al controls. While the A1 controls were depressed by 
—7 -8 3 X 10 M lAA when compared with the response to 3 x 10 
(Table 17) and by 3 x 10 ^  M lAA when compared with 3 x 10 ^  
M lAA (Table 18), the Al-treated seedlings were slightly de­
pressed by 3 X 10 ^  M lAA when compared with the response to 
3 X 10 M, and root elongation was almost identical in 
3 X 10*11 M and 3 x 10~^ M lAA. 
The Al-treated plants were depressed by the two higher 
levels of lAA (Table 17) and stimulated by the two lower 
levels (Table 18) when the values for the Al-treated seedlings 
were compared to their lAA controls. The group of seedlings 
not exposed to A1 also showed this response to lAA; such a 
response if consistent with other reports of stimulation of 
— 8 
root growth by exogenous lAA levels below ca. 10 M and 
inhibition at higher levels (Bidwell, 1974), For some reason, 
the Al-treated plants appeared unable to distinguish lAA 
levels as well as did the A1 controls. None of the lAA 
levels was very effective in overcoming A1 damage. 
32 
The experiments which examined P incorporation into 
DNA following A1 pretreatment suggest an inhibitory effect by 
32 A1 on a process or processes necessary for exogenous P to 
be incorporated into DNA (Table 19), This inhibition was 
greatest for the more susceptible Eagle although the values 
for Atlas 65 were reduced with respect to the control. 
A definite differential effect of 5 ppm A1 on subsequent 
incorporation of label from ^-thymidine into DNA was seen 
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(Table 20), The values for Al-treated Eagle seedlings were 
below those for the Eagle control after all periods of A1 
treatment, and the degree of inhibition increased with dura­
tion of treatment. The value for Al-treated Eagle as percent 
of its control was not significantly different from that of 
Atlas 66 at 2 hr, but the difference approached significance 
at the 0.05 level at 4 hr. The values for Al-treated Atlas 
66 averaged about 90% of control, and, except for the value 
at 12 hr, the observed values were close to values predicted 
by linear regression (Figure 5) after all periods of A1 pre-
treatment including 48 hr. 
Since it has been reported that A1 treatments can depress 
the uptake of ions and HgO (McLean and Gilbert, 1927; Lance 
and Pearson, 1959j and others), it was desirable to separate 
any effects of A1 on the uptake of ^-thymidine from other 
effects more closely related to DNA synthesis. The first ap-
•3 
proach to this problem was to incubate plants with "H-
thymidine before the A1 treatment period. This eliminated any 
3 . . 
A1 effects on H-thymidine uptake. Table 21 shows no signifi­
cant differences between Al-treated cultivars during 2 or 4 
hr A1 treatment. Kalterman and Clay (1975) had reported that 
incorporation of label from ^-thymidine into DNA in cotton 
radicals increased for at least 4 hr after a 2 hr 
thymidine pulse. But Table 21 shows that the relative 
specific activities for the 2 and 4 hr treatment periods are 
not greatly different. This suggests that the seedlings had 
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incorporated the bulk of the label which went into DNA by 
the end of the 2 hr A1 treatment in both experiments so that 
the actual effects of 4 hr A1 treatment were not seen. 
Hence the second approach, that of attempting to di­
rectly assess the effects of A1 pretreatment on ^-thymidine 
uptake, was taken. When ^-thymidine contents of Atlas 66 
roots pretreated with A1 before exposure to H-thymidine were 
measured, there appeared to be effects of A1 at 6 and 12 hr 
(Table 22). The data for all A1 pretreatment periods fit a 
linear regression model with no significant effects of dura­
tion of A1 treatment. The results from similar experiments 
with Eagle showed less variability in the effects of differ­
ent lengths of À1 pretreatment possibly because the experi­
ments with Eagle were replicated with time, whereas the ex­
periments with Atlas 66 had only interval replication. A1 
pretreatment of Eagle seedlings resulted in a rather con-
3. 
sistent depression of M-thymidine content which was not 
statistically significant. As was the case for Atlas 66, 
linear regression gave a model in which duration of A1 pre­
treatment was not significant. 
In the next experiment with Eagle, a similar procedure 
was used except that the roots were washed with nutrient solu 
tions containing an excess of unlabelled thymidine to better 
remove exchangeable ^-thymidine from the root. In this ex­
periment, the root tips, which contain the primary site of 
A1 injury in wheat roots, according to Henning (1975), and 
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which contain much of the DNA synthetic activity of the root 
(Jensen, 1964), were analyzed separately from the rest of the 
root. Table 24 shows that the depression by A1 of ^ content 
in the root tips was nearly constant after 4, 6, and 12 hr 
A1 pretreatment. These values gave a good fit to the re­
gression line (Figure 7) with no significant effect of dura­
tion of A1 pretreatment. 
For the remainder of the root material after tip removal, 
A1 pretreatment also caused significant depressions in 
thymidine contents (Table 25), The results were more variable 
than those for the tips with a large increase in inhibition 
between 4 and 5 hr but no further increase at 12 hr. The 
values gave a poorer fit to the model predicted by linear 
regression (Figure 8) than did the values for the root tips. 
The percent of control values for both root tips and 
the rest of the root in this experiment vera in general lower 
than those in the experiment with whole roots. This may be 
due to the use of unlabelled thymidine in the 30 min washing 
period prior to harvest of the roots. Unlabelled thymidine 
may have exchanged with a portion of the H-thymidine associ­
ated with the roots and thereby decreased the ^  content. 
Two or more times the amount of & per g were accumu­
lated in the root tips than in the rest of the roots of both 
A1 pretreated and control Eagle seedlings. The ratios of ^  
specific activity of tips to that of the rest of the root 
increased with duration of A1 pretreatment more so for A1 
109 
pretreated plants than for control plants, and the differ­
ence between the values is significant at 12 hr. This may 
reflect an effect of A1 pretreatment on translocation from 
the root tip upwards. 
The experiments with Eagle suggest that A1 pretreatment 
had some effect on uptake of thymidine, but that this 
effect was not the only factor involved in the inhibition by 
A1 pretreatment of incorporation of label from H-thymidine 
into DNA. A general pattern of depression of thymidine 
uptake was seen in both cultivars, with an inhibition by 2 
hr but with no significant correlation of duration of A1 
pretreatment with uptake. This inhibition of ^-thymidine 
uptake after 2 or more hr of pretreatment with A1 probably 
explains why incorporation of label into DNA in A1 pretreated 
Atlas 66 was always below that of the control (Figure 5). 
Short-term treatments with A1 appear to have had a common 
effect on both cultivars as shown by the decrease in uptake 
of ^-thymidine in Al-treated seedlings. The magnitude of 
this effect was similar for both cultivars, whereas distinct 
differences in root elongation during 5 ppm A1 treatment 
could be seen after 4 hr or more (Figure 9). 
In addition to the common effect on ^-thymidine uptake, 
A1 apparently had an additional effect on Eagle in some 
process related to DNA synthesis» Sampson et al. (1965) 
reported data which suggested that 48 hr A1 pretreatment in-
hibited P incorporation into DNA. They did not attempt to 
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32 determine if P uptake had been inhibited by the Al pre-
treatment but interpreted their results in terms of an Al 
effect on DNA synthesis. Matsumoto et al. (1976, 1977b) found 
Al bound to DNA and to deoxyribonucleoprotein in Al-treated 
pea roots, and Morimura and Matsumoto (1978) reported that 
template activity of pea root DNA was inhibited in the 
presence of Al in vitro. In addition, Al vas found to be 
among a group of metals which decreased DNA synthesis in 
vitro (Sirover and Loeb, 1976). It might be speculated that 
the inhibitory effects of Al on incorporation of label into 
DNA in Eagle (Table 20) resulted from binding of Al to DNA 
inhibiting its ability to replicate, but as no evidence for 
this was obtained, other effects cannot be ruled out. For 
example, DNA synthesis might also be inhibited by a direct 
effect of Al on DNA polymerase activity. In addition, Al 
might conceivably interfere in thymidine phosphorylation. 
This process, which is required for incorporation of thymidine 
into DNA, has been proposed as a controlling process which may 
regulate the rate of DNA synthesis (Bryant, 1976a). 
It is interesting to speculate about the reasons for 
a common degree of inhibition of ^-thymidine uptake in 
Atlas 66 and Eagle by Al, but a definite differential effect 
on root elongation and ^-thymidine incorporation into DNA. 
One idea might be that two compartments in the cell are 
affected by Al. One, perhaps an outer compartment, is 
accessible to Al in both cultivars; this common accessibility 
Ill 
is responsible for the similar inhibition of ^-thymidine 
uptake by Al. The second, possibly inner, compartment, is 
accessible to Al only in Eagle roots. Al effects on com­
ponents of this compartment may cause the inhibition of root 
elongation, perhaps in part by an effect on DNA synthesis and 
hence on cell division, but probably also by other more rapid 
effects. The outer compartment might represent a site out­
side the plasmalemma, while the inner one might represent 
material within the cell. This idea is consistent with 
Moore's (1974) proposal that Al tolerance in wheat is related 
to the ability of tolerant cultivars to prevent entry of Al 
into the cell. 
The data reported in this dissertation are not consistent, 
however, with the idea that Al toxicity is primarily the re­
sult of effects on DNA synthesis. If Al were inhibiting root 
growth via a blockage of the cell cycle during the period of 
DNA synthesis as Clarkson (1959) suggested, then Al-induced 
inhibition of ^-thymidine incorporation into DNA would be 
expected to precede a reduction in root elongation. Since 
root cells do not proceed through the cell cycle synchronously, 
and since the duration of the root cell cycle is on the order 
of several hours (ca. 20 hr in the case of corn roots accord­
ing to Bryant, 1976b), a considerable lag between measurable 
inhibition of H-thymidine incorporation into DNA and measur­
able effects on root elongation would be conceivable. In­
stead, Al-induced inhibition of root elongation preceded any 
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measurable effect on DNA synthesis by 2 hr (Tables 7 and 20), 
Apparently A1 has at least one inhibitory effect on root 
growth other than interference with DNA synthesis. Matsumoto 
et al. (1977a) and Klimashevskii and Dedov (1975) have pre­
sented some evidence that A1 may inhibit root cell elongation 
processes. Such an effect could result in the rapid inhibi­
tion of root elongation found in Al-treated Eagle roots, 
Clarkson (1965a) reported that cessation of root elonga­
tion in Al-treated onion roots was accompanied by the dis­
appearance of mitotic figures, with a definite decrease after 
a 5 hr treatment with 10 ^  to 10 ^  M Al. Henning (1975) found 
a decline in the number of mitotic figures in Brevor wheat 
after 3 hr in 10 ppm Al, with the decline continuing through 
21 hr of treatment. The results in Table 27 indicate a de­
cline in mitotic figures in Eagle roots after 2 hr Al treat­
ment with no further decline through 6 hr. The consistent 
decrease in mitotic figures after 2 hr Al treatment thus 
resembles the effect of Al on ^ -thymidine uptake in both 
cultivars rather than the effect on root elongation or ^  
incorporation into DNA in Eagle. These results also suggest 
early interference by Al in processes other than DNA syn­
thesis, since a block during the period of the cell cycle in 
which DNA synthesis occurs would not be expected to result 
in a rapid decline in mitotic figures as reported here. 
Instead, a gradual decline, with the amount of inhibition 
increasing with time, would be expected (Bryant, 1976b). It 
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may be that the gradual decline in mitotic figures in Brevor 
wheat roots during 21 hr in 10 ppm A1 treatments (Henning, 
1975) reflected in part an effect on DMA synthesis, while the 
results reported here for Eagle during a 6 hr period in 5 ppm 
A1 were caused by some other more direct effect on mitosis. 
Analysis of whole roots of Al-treated seedlings for A1 
contents showed little difference between cultivars (Table 
28). The only statistically significant difference was for 
2 hr A1 treatment at which time Atlas 66 roots had greater 
A1 concentrations than did those of Eagle. 
In many species there appears to be little relationship 
between tolerance to A1 and A1 concentrations of whole root 
tissue (Sartain and Kamprath, 1978; Foy et al., 1969, 1974a). 
Foy et al. (1974b) reported that tolerant wheat cultivars 
grown for several days in solutions containing A1 had greater 
root and top A1 concentrations than did susceptible cultivars. 
Turner and Marshall (1971) proposed that tolerance to high 
levels of Zn by some clones of Aarostis tenuis was due to the 
ability of tolerant genotypes to accumulate Zn in cell walls 
so that the metal did not enter the cell and exert its toxic 
effect. The increasing levels of A1 with duration of A1 
treatment in whole roots of Atlas 66 may reflect A1 bound 
to cell walls or otherwise more or less detoxified. 
Hematoxylin staining of Al-treated roots provided another 
approach for comparing A1 associated with roots of the two 
cultivars (Polle et al., 1978), Figure 9 shows that qualita­
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tive differences between the two cultivars could be seen even 
at 2 hr. In all cases the stained area was small, represent­
ing 5 mm or less of the root tip. This intensity of staining 
as well as the length of root stained appeared to increase 
somewhat with duration of A1 treatment. Hematoxylin must 
react with multivalent cations for permanent staining to occur; 
+ 3 hence Fe is usually added to hematoxylin dye preparations to 
mordant the stain (Jensen, 1952). In the method used in this 
experiment, hematoxylin apparently reacted with A1 ions on and 
perhaps in roots so that this technique may be in effect a 
rough measure of A1 content in the area of the root first 
affected by A1 (Polle et al., 1978). 
This staining technique demonstrated a difference in the 
two cultivars which the chemical analysis of A1 concentration 
in whole roots failed to show. The amount of root material 
stained was quite small compared with the entire mass of the 
root; and hence the differences were probably masked when 
whole roots were analyzed. The similar increase in A1 con­
tents of whole roots of both cultivars with duration of A1 
may, as previously mentioned, be due to accumulation of A1 on 
cell walls or other sites where the toxic effect is small. 
Henning (1975) proposed that A1 entered the vAieat root cells 
near the root tip where the endodermis was poorly developed. 
His observation that A1 was primarily associated with the tip 
of the root in microscopic sections is consistent with the 
results of the hematoxylin staining experiment reported here. 
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No consistent differences between cultivars with respect 
to the effects of short-term (2 hr or less) exposures to A1 on 
leakage of ^"^C-sucrose, neutral red, or electrolytes could 
be seen under the conditions used in these experiments (Tables 
29-31). Other reports of Al-induced "leakiness" of root cells 
have been reported (Foy et al., 1978; Lance and Pearson, 1969), 
but these reports have for the most part involved effects of 
Al after much longer exposures than the 2 hr or less expo­
sures used here. The rather preliminary experiments reported 
here suggest that Al does not cause a general leakiness of 
cell membranes within the time period in which Al induced 
inhibition of root elongation can be measured in Al 
susceptible cultivars. 
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SUMMARY AND CONCLUSIONS 
Root elongation measurements of -wheat seedlings exposed 
to A1 revealed distinct differences in tolerance between the 
two wheat cultivars used in this study, Atlas 66 and Eagle. 
Differential tolerance could be detected after 4 hr in 
5 ppm Al, with Atlas 66 relatively unaffected by A1 while 
Eagle was inhibited. Inhibition of root elongation in Eagle 
was demonstrated after 2 hr in 5 ppm Al. Longer time was 
required for demonstrable inhibition in 1 ppm Al. 
Inhibition of root elongation by Al was not clearly 
affected by P pretreatment nor was recovery from Al injury 
appreciably affected by lAA in the nutrient solution. 
&-thymidine labelling of 5 ppm Al pretreated plants 
showed a small decline in incorporation into DNA for Atlas 66, 
but this inhibition was constant after 2 to 48 hr Al pretreat­
ment. A similar inhibition after 2 hr Al pretreatment was 
found for Eagle, but for this cultivar the inhibition in­
creased with duration of Al pretreatment. ^-thymidine uptake 
in both cultivars was slightly depressed by Al pretreatments 
of 2 to 12 hr, but the inhibition was fairly constant with 
3. 
time and resembled the inhibition of ~H-thymidine incorpora­
tion into DNA for Al pretreated Atlas 66. An analysis of 
mitotic figures in Al-treated roots showed a decline after 
2 hr in 5 ppm Al but no further inhibition after 6 hr 
treatment. 
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Al contents of whole roots showed no consistent cultivar 
differences after 0 to 12 hr treatment with 5 ppm Al, but 
hematoxylin staining of Al-treated roots showed cultivar dif­
ferences in staining of the root tip after 2 hr in 5 ppm Al. 
No evidence for differential leakage of ^^C-sucrose, neutral 
red, or electrolytes after 2 hr Al treatment was seen. 
Apparently an inhibition of some process involved in DNA 
synthesis is an early effect of toxic levels of Al. This in­
hibition is, however, preceded in time by other effects of 
Al and therefore does not appear to be the initial site of 
Al injury, Al-induced effects which occur before the inhibi­
tion of DNA synthesis include a reduction in the ability of 
the root to elongate and a reduction in uptake of ^ -
thymidine. The latter effect does not necessarily reflect a 
major impairment of root function since it is relatively 
slight and is found in both the tolerant and the susceptible 
cultivar. The initial inhibition of root elongation and the 
later inhibition of DNA synthesis by Al may drastically affect 
the functioning of the root and consequently of the entire 
plant, 
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